A STUDY OF RAPID MOULD TEMPERATURE VARIATION INFLUENCE ON MORPHOLOGY AND APPEARANCE OF INJECTION MOULDED PARTS by Crema, Luca
  





Sede Amministrativa: Università degli Studi di Padova 
 











A STUDY OF RAPID MOULD TEMPERATURE VARIATION INFLUENCE ON MORPHOLOGY AND 





Direttore della Scuola: Ch.mo Prof. Paolo Colombo 
Coordinatore: Ch.mo Prof. Enrico Savio 




       Dottorando: Luca Crema 







S O M M A R I O
La tecnologia di riscaldamento e raffreddamento rapido dello stampo
(RHCM) è ampliamente utilizzata per realizzare componenti senza
difetti superficiali e con elevato gloss. Grazie ai numerosi vantaggi
quali la riduzione della pressione di iniezione, l’aumento della qual-
ità superficiale del componente stampato e la possibilità di control-
lare la temperatura stampo, questa tecnologia sta diventando una
soluzione interessante per stampare parti in parete sottile. Tuttavia,
la variazione di temperatura dello stampo aumenta sostanzialmente
il tempo ciclo diminuendo la produttività. Sviluppare soluzioni e
tecnologie per la variazione rapida della temperatura dello stampo è
tecnicamente difficile a causa dei vincoli del processo di stampaggio
ad iniezione. In questo lavoro è stato sviluppato uno stampo equipag-
giato con inserti porosi di geometria definita per aumentare lo scam-
bio termico tra l’acqua e la cavità stampo. A tal fine, un modello
numerico accurato dello stampo è stato sviluppato e successivamente
validato sperimentalmente. I risultati mostrano un sostanziale incre-
mento del coefficiente globale di conduzione termica rispetto alle at-
tuali tecnologie per la variazione rapida della temperatura stampo.
Un ulteriore studio sperimentale fu focalizzato sull’influenza della
tecnologia RHCM sulla microstruttura e sulle proprietà meccaniche
di componenti stampati in polipropilene caricato con fibra lunga. Una
tomografia computerizzata è stata utilizzata per consentire una di-
retta osservazione dell’orientazione delle fibre mentre una procedura
innovativa è stata impiegata per misurare la lunghezza residua delle
fibre. Analisi di trazione statica e di resistenza a fatica sono state
svolte per caratterizzare i provini stampati con tecnologia conven-
zionale e con un processo RHCM. L’utilizzo di una elevata temper-
atura stampo risultò in una minore orientazione delle fibre mentre
la lunghezza delle residua delle stesse fu incrementata. Per quanto
riguarda le proprietà meccaniche, impiegare una tecnologia RHCM
garantisce un aumento della resistenza a trazione per componenti a
parete sottile, mentre sia le proprietà statiche che quelle dinamiche
sono diminuite per parti di grosso spessore. L’influenza della tem-
peratura stampo nello stampaggio ad iniezione di preforme a spes-
sore sottile in PET è stata oltretutto investigata sperimentalmente. Un
aumento della temperatura stampo risultò in una sostanziale dimin-
uzione della pressione di iniezione senza superare il limite di cristal-
lizzazione imposto dal sub-seguente processo di soffiaggio. Un ul-
timo scopo del lavoro riguarda l’utilizzo di una tecnologia RHCM
per controllare la temperatura stampo ed il tempo di ricottura du-
rante lo stampaggio ad iniezione di parti in PLA. L’analisi mostrò
v
un’interessante dipendenza dalla temperatura stampo con il grado di
cristallizzazione e conseguentemente con le proprietà meccaniche.
vi
A B S T R A C T
Rapid Heating Cycle Molding (RHCM) is a widely used technology
for manufacturing high gloss components without visible surface de-
fects. Due to the several improvements such as the injection pressure
reduction, the increasing on molded parts quality and the possibility
to control the mold temperature, this technology is becoming an in-
teresting solution for injection molding of thin wall components with
engineering polymers. The elevated mold temperature, however, sub-
stantially increases the cycle time, thus lowering the productivity to
a great extent. Development of capable techniques for rapidly heat-
ing and cooling a mold with a relatively large mass is technically
challenging because of the constraints set by the injection molding
process. In this work a porous mold insert with a regular determin-
istic geometry was developed and optimized through a numerical
simulations to increase heat exchange between water and the cavity
surface. An accurate mold numerical model was developed and ex-
perimentally validated. The results showed a substantial increase of
the global coefficient of thermal conduction compared to the existing
technologies for the rapid variation of the mold cavity temperature.
A further experimental study was focused on the RHCM influence
on microstructure and mechanical properties of long glass fiber re-
inforced polypropylene. X-ray computed tomography (CT) was em-
ployed to allow a direct observation of the fibers orientation and im-
age analysis was used to measure the residual fibers length distribu-
tion. Tensile strength and fatigue analysis were performed in order to
characterize the injection molded specimens, with a CIM and RHCM
technologies, from static and dynamic point of view. The using of an
high mold temperature resulted in a lower fiber orientation while the
residual fiber length was enhanced. Concerning mechanical proper-
ties, the employment of a RHCM technology ensure an increasing of
the tensile strength for thin wall components while both static and
dynamic properties are decreased for thick parts. The mold tempera-
ture influence on injection molding of PET thin wall bottle preforms
was also numerically investigated. The increasing in mold tempera-
ture resulted in a substantial decreasing of injection pressure without
overcoming the limit of crystallization degree imposed by the sub-
sequent blow molding process. A final aim of this work regarded
the employment of a RHCM technology in order to control the mold
temperature and the annealing phase during the injection molding of
parts made with PLA. The analysis showed an interesting capability
of adjusting the mold temperature in order to control the material
crystallization degree and consequently its mechanical properties.
vii

A C K N O W L E D G M E N T S
Firt of all, I would like to acknowledge the "Department of Industrial
engineering" for having funded the scholarship of my PhD. Thanks to
the professor Giovanni Lucchetta, who has guided me over my entire
PhD course. I would like to thank all the people of the Te.Si labo-
ratory for the enjoyable time spent together. I thank all my friends
for the fun times and their friendship. A special thanks is devoted to
my mother, my brother and my sister for supporting me during these
years, you have always been a point of reference and an example to
follow. I would like to remember also people that loved me but that
unfortunately cannot longer stand by my side; hoping that they are




C O N T E N T S
0.1 Industrial problem . . . . . . . . . . . . . . . . . . . . . xx
0.2 The aim of this work . . . . . . . . . . . . . . . . . . . . xxiii
0.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiv
i background and literature review 1
1 introduction of rapid heat cycle moulding tech-
nology 3
1.1 Process principe . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Heat transfer process in injection moulding . . . . . . . 6
1.3 RHCM applications and benefits . . . . . . . . . . . . . 6
1.3.1 Minimizing weld lines . . . . . . . . . . . . . . . 7
1.4 Mould design for rapid thermal cycling . . . . . . . . . 15
1.4.1 Constituent elements . . . . . . . . . . . . . . . . 16
1.4.2 Mould with scaffolded structures . . . . . . . . 17
1.4.3 Multilayer mould . . . . . . . . . . . . . . . . . . 18
1.5 Mould surface heating methods . . . . . . . . . . . . . . 19
1.5.1 Electrical resistive heating . . . . . . . . . . . . . 19
1.5.2 Induction heating . . . . . . . . . . . . . . . . . 20
1.5.3 High-frequency proximity heating . . . . . . . . 22
1.5.4 Dielectric heating . . . . . . . . . . . . . . . . . 22
1.5.5 Thermoelectric heating . . . . . . . . . . . . . . 23
1.5.6 Radiation heating . . . . . . . . . . . . . . . . . . 23
1.5.7 Contact heating . . . . . . . . . . . . . . . . . . . 24
1.5.8 Convective heating . . . . . . . . . . . . . . . . . 27
1.5.9 RHCM technology summary . . . . . . . . . . . 31
2 injection molding of fiber reinforced materials 33
2.1 Mechanical properties of fiber reinforced materials . . 33
2.1.1 Fiber degradation . . . . . . . . . . . . . . . . . . 38
2.1.2 Fiber orientation . . . . . . . . . . . . . . . . . . 45
2.2 Fatigue behaviour of fiber reinforced materials . . . . . 48
3 injection molding of crystalline materials 67
3.1 Injection molding of PET thin wall bottles preforms . . 67
3.2 Producing of PLA components: crystallization and me-
chanical performances . . . . . . . . . . . . . . . . . . . 69
ii an innovative solution for porous inserts real-
ization 73
4 an innovative solution for porous inserts real-
ization 75
4.1 Mold with metal foam . . . . . . . . . . . . . . . . . . . 75
4.2 Objectives definition . . . . . . . . . . . . . . . . . . . . 78
4.3 Porous inserts with a labyrinth geometry . . . . . . . . 78
xi
4.3.1 Formulation of the idea . . . . . . . . . . . . . . 78
4.3.2 Design strategy definition . . . . . . . . . . . . . 80
4.3.3 First phase: porous inserts geometry optimiza-
tion and mold designing . . . . . . . . . . . . . 81
4.3.4 Second phase: detailed fluid-dynamic model gen-
eration . . . . . . . . . . . . . . . . . . . . . . . . 85
4.3.5 Mold structural verification . . . . . . . . . . . . 92
4.4 Mold manufacturing and fluid-dynamic model validation 95
4.4.1 Materials and methods . . . . . . . . . . . . . . . 95
4.4.2 Model validation . . . . . . . . . . . . . . . . . . 96
4.5 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . 98
iii studying of the rapid heat cycle molding influ-
ence on appearance and mechanical properties
of fiber reinforced materials 101
5 rhcm influence on surface appearance for lgfp 103
5.1 material and methods . . . . . . . . . . . . . . . . . . . 103
5.2 Experimental apparatus and measuring system . . . . 104
5.3 Results and discussions . . . . . . . . . . . . . . . . . . 105
6 rhcm influence on morphology and tensile strength
of lgfp 109
6.1 material and methods . . . . . . . . . . . . . . . . . . . 110
6.2 Mechanical test setup . . . . . . . . . . . . . . . . . . . . 110
6.3 System computed microtomography . . . . . . . . . . . 110
6.4 Residual fiber length measurement procedure . . . . . 112
6.4.1 Traditional procedure for measuring the resid-
ual fibers length . . . . . . . . . . . . . . . . . . . 112
6.4.2 Innovative procedure for measuring the resid-
ual fibers length . . . . . . . . . . . . . . . . . . . 114
6.5 Design of Experiments . . . . . . . . . . . . . . . . . . . 118
6.6 Residual fiber length analysis . . . . . . . . . . . . . . . 120
6.7 Fiber orientation analysis . . . . . . . . . . . . . . . . . 122
6.7.1 A qualitative analysis of fiber orientation . . . . 123
6.7.2 A quantitative analysis of fiber orientation . . . 129
6.8 Tensile strength results . . . . . . . . . . . . . . . . . . . 131
6.9 discussions . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7 rhcm influence on fatigue resistance of fiber
reinforced polymer materials 135
7.1 Experimental plan . . . . . . . . . . . . . . . . . . . . . . 135
7.2 Results and discussions . . . . . . . . . . . . . . . . . . 136
7.2.1 Fatigue resistance analysis . . . . . . . . . . . . 136
7.2.2 Fractional fatigue test . . . . . . . . . . . . . . . 137
iv studying of the rapid heat cycle molding influ-
ence on crystalline materials 143
8 injection molding of pet bottle preforms with a
rhcm technology 145
xii
8.1 Materials and methods . . . . . . . . . . . . . . . . . . . 146
8.1.1 Mold equipment . . . . . . . . . . . . . . . . . . 146
8.1.2 Material characterization . . . . . . . . . . . . . 146
8.1.3 software calibration . . . . . . . . . . . . . . . . 147
8.1.4 Numerical simulation of PET preforms with a
RHCM technology . . . . . . . . . . . . . . . . . 150
8.2 Results and discussions . . . . . . . . . . . . . . . . . . 151
9 rhcm influence on pla crystallinity and hard-
ness 155
9.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . 155
9.1.1 sample preparation . . . . . . . . . . . . . . . . . 155
9.1.2 Differential scanning calorimetry . . . . . . . . . 156
9.1.3 Shore hardness test . . . . . . . . . . . . . . . . . 157
9.2 Analysis of results . . . . . . . . . . . . . . . . . . . . . 158
9.2.1 DSC Data . . . . . . . . . . . . . . . . . . . . . . 158
9.2.2 Hardness test . . . . . . . . . . . . . . . . . . . . 158





L I S T O F F I G U R E S
Figure 0.1 Comparison between a fiber reinforced com-
ponent injection molded with a CIM (on the
left) and a RHCM process (on the right) . . . . xxi
Figure 0.2 Example of preforms with different thickness-
length ratio . . . . . . . . . . . . . . . . . . . . . xxii
Figure 0.3 Example of products injection molded with PLAxxiii
Figure 0.4 Thesis outline . . . . . . . . . . . . . . . . . . . xxv
Figure 1.1 Comparison of the changes of the mould tem-
perature in RHCM and CIM processes . . . . . 5
Figure 1.2 Schematic of heat transfer process in injection
moulding . . . . . . . . . . . . . . . . . . . . . . 6
Figure 1.3 Structure of opposite flow weld line . . . . . . 8
Figure 1.4 Weld line depth varying mold temperature for:(a)
ABS/PMMA normal and high gloss, ABS (b)
PP (c) PS . . . . . . . . . . . . . . . . . . . . . . 8
Figure 1.5 Weld line width varying mold temperature for:(a)
ABS/PMMA/nano CaCO3 (b) PP 30% LGF . . 9
Figure 1.6 RHCM application on (a) flow marks (b) jet-
ting marks . . . . . . . . . . . . . . . . . . . . . 9
Figure 1.7 Example of micro-features replicated (a) by con-
ventional injection molding and (b) employing
the RHCM system . . . . . . . . . . . . . . . . . 10
Figure 1.8 Mold temperature influence on gloss for:(a) ABS
and ABS/PMMA (b) PP (c) PS . . . . . . . . . 11
Figure 1.9 Effect of process parameters on gloss for:(a)
ABS/PMMA/nano CaCO3 (b) PP 30% LGF . . 12
Figure 1.10 The negligible influence of mold temperature
on PS . . . . . . . . . . . . . . . . . . . . . . . . 13
Figure 1.11 Injection molding of PEEK at high temperature
(RocTool) . . . . . . . . . . . . . . . . . . . . . . 13
Figure 1.12 Illustration of the formation mechanism of the
concave warpage in RHCM . . . . . . . . . . . 14
Figure 1.13 The TV front shells produced with different
packing pressures in RHCM . . . . . . . . . . 15
Figure 1.14 Schematic heating and cooling response at the
mold surface . . . . . . . . . . . . . . . . . . . . 17
Figure 1.15 Example of a 3D printed scaffolded structure . 18
Figure 1.16 An electrical resistive heating with low-frequency
electrical current . . . . . . . . . . . . . . . . . . 20
Figure 1.17 A schematic setup of mould rapid heating by
electrical resistive film (Thermoceramix system) 20
xiv
Figure 1.18 A schematic setup for induction heating of mould
inserts . . . . . . . . . . . . . . . . . . . . . . . . 21
Figure 1.19 A schematic setup for induction heating with
internal coils (3iTech system developed by Roc-
tool) . . . . . . . . . . . . . . . . . . . . . . . . . 21
Figure 1.20 Principle of high-frequency proximity heating 22
Figure 1.21 Infrared heating system . . . . . . . . . . . . . 24
Figure 1.22 Schematic of the infrared heating system as-
sembled on the mould . . . . . . . . . . . . . . 25
Figure 1.23 The basic composition of ULPAC cavity and
core block . . . . . . . . . . . . . . . . . . . . . . 26
Figure 1.24 Thermal behaviour of the metal surface layer
in varying (a) its thickness and (b) the thick-
ness of the insulation layer . . . . . . . . . . . . 26
Figure 1.25 Composition and structure of RHCM systems
with steam heating . . . . . . . . . . . . . . . . 27
Figure 1.26 An example of RHCM mould with conformal
cooling channels . . . . . . . . . . . . . . . . . . 28
Figure 1.27 The schematic cavity structure of a typical electric-
heating mould . . . . . . . . . . . . . . . . . . . 29
Figure 1.28 Schematic view of the BFMOLD TM technol-
ogy principle . . . . . . . . . . . . . . . . . . . . 30
Figure 1.29 Mold with the alluminum foam inserts . . . . 30
Figure 1.30 Mold temperature response: (a) temperature
profiles (b) temperature distribution . . . . . . 31
Figure 1.31 RHCM technology summary . . . . . . . . . . 32
Figure 2.1 Residual fiber length versus fibre content . . . 34
Figure 2.2 Tensile Young’s modulus versus fibre content . 35
Figure 2.3 Tensile strength versus fibre content . . . . . . 35
Figure 2.4 Notched Izod impact versus fibre content . . . 35
Figure 2.5 Notched Charpy impact versus fibre content . 36
Figure 2.6 Normalized mechanical properties versus fibre
content . . . . . . . . . . . . . . . . . . . . . . . 37
Figure 2.7 Modelling of mechanical performance . . . . . 37
Figure 2.8 Effect of feedstock fiber length on the tensile
strength of composite . . . . . . . . . . . . . . . 39
Figure 2.9 Effect of feedstock fiber length on the tensile
modulus of composite . . . . . . . . . . . . . . 39
Figure 2.10 Fiber length distribution (number-average fiber
length) for molding filling of center-gated disk 41
Figure 2.11 Shear rate distribution (number-average fiber
length) for molding filling of center-gated disk 41
Figure 2.12 Contours of weight-average fiber length Lw ver-
sus position in the mold cavity . . . . . . . . . 44
Figure 2.13 Experimental and predicted average fiber lengths 45
xv
Figure 2.14 Layering configuration of an injection molded
plate . . . . . . . . . . . . . . . . . . . . . . . . . 46
Figure 2.15 Measured and predicted FOD with the RSC
model (a) and the ARD-RSC model (b) . . . . . 48
Figure 2.16 Tensile stress–strain curves for dfferent speci-
men orientations . . . . . . . . . . . . . . . . . . 50
Figure 2.17 S–N curves for different specimen orientations;
bright symbols indicate test interrupted at 106
cycles (run-outs) . . . . . . . . . . . . . . . . . . 51
Figure 2.18 Cyclic creep: stress–strain cycles; percent num-
bers indicate the stage of specimen life at which
the full cycles have been recorded, with refer-
ence to the number of cycles to failure. . . . . . 52
Figure 2.19 Cyclic creep: maximum and minimum strain
variation with number of cycles (specimen ori-
entation θ = 0 ◦; test conditions σmax = 40 MPa,
N f >106) . . . . . . . . . . . . . . . . . . . . . . . 53
Figure 2.20 SEM micrographs of the fracture surface of a
specimen oriented at 0 ◦ showing the presence
of micro-brittle and micro-ductile areas . . . . 54
Figure 2.21 Interpolation of the tensile strength values by
the Tsai–Hill criterion . . . . . . . . . . . . . . . 54
Figure 2.22 Interpolation of the fatigue strength values by
the Tsai–Hill criterion . . . . . . . . . . . . . . . 56
Figure 2.23 Normalized S–N data with superimposed S–N
curve of ISO 527 standard specimens . . . . . . 56
Figure 2.24 Mechanical energy density per cycle vs num-
ber of cycles for different test frequencies . . . 57
Figure 2.25 Characteristic hysteresis loops measured dur-
ing the fatigue tests . . . . . . . . . . . . . . . . 58
Figure 2.26 Mechanical energy density per cycle versus the
number of cycles for tested materials . . . . . . 58
Figure 2.27 S-N curves for the longitudinal and transersal
directions . . . . . . . . . . . . . . . . . . . . . . 59
Figure 2.28 S-N curves normalized for the longitudinal and
transersal directions . . . . . . . . . . . . . . . . 60
Figure 2.29 S-N curves for the longitudinal and transersal
directions, varying the testing frequency . . . . 60
Figure 2.30 Energy loss tested at different frequencies, vary-
ing the testing frequency . . . . . . . . . . . . . 61
Figure 2.31 Fracture surface of the tensile specimen . . . . 62
Figure 2.32 A comparison of the fatigue behavior of LFT
with unreinforced PP . . . . . . . . . . . . . . . 62
Figure 2.33 Temperature rise in PP and LFT tested at 10
MPa and 20 Hz . . . . . . . . . . . . . . . . . . 63
xvi
Figure 2.34 Skin–shell–transition–core microstructure for-
mation of PA66/GF30 observed by lCT technique 64
Figure 2.35 Evolution of normalized dynamic modulus (EN =
E0 ), maximum strain (emax) and mean temper-
ature (Tmax − Troom) . . . . . . . . . . . . . . . . 65
Figure 3.1 Variation of the enthalpy of cold crystalliza-
tion, 4Hc and peak temperature, TC with the
mold temperature, Tw . . . . . . . . . . . . . . . 69
Figure 4.1 Schematic structure of the RHCM mould with
metallic foams . . . . . . . . . . . . . . . . . . . 76
Figure 4.2 Titanium scaffolds following experimental test-
ing and corresponding FEA results . . . . . . . 77
Figure 4.3 Aluminum foam inserts: comparison of the tem-
perature history between experimental data and
simulation results . . . . . . . . . . . . . . . . . 77
Figure 4.4 Labyrinth porous inserts generation . . . . . . 79
Figure 4.5 Geometry of a single metal sheet . . . . . . . . 80
Figure 4.6 solids meshing for CFD simulation . . . . . . . 82
Figure 4.7 The RHCM mold assembly . . . . . . . . . . . 82
Figure 4.8 Solid domain considered in the first simula-
tions campaign . . . . . . . . . . . . . . . . . . 83
Figure 4.9 Model boundary conditions . . . . . . . . . . . 83
Figure 4.10 Simulation response surface . . . . . . . . . . . 85
Figure 4.11 Meshing of the detailed CFD model . . . . . . 88
Figure 4.12 Model utilized to determine the pressure drop 89
Figure 4.13 Boundary conditions for the transient simulation 91
Figure 4.14 Mold section temperature distribution after 0.1
seconds(a) after 2 seconds (b) after 6 seconds
(c) and after 10 seconds (d) . . . . . . . . . . . 92
Figure 4.15 Heating profiles obtained for a cavity central
point (red), for the average temperature of the
cavity mold (blu) and for the thermocouple
point (green) . . . . . . . . . . . . . . . . . . . . 93
Figure 4.16 Mold cavity pressure profile . . . . . . . . . . 94
Figure 4.17 Mechanical simulation stress results . . . . . . 94
Figure 4.18 Mechanical simulation deformation results . . 95
Figure 4.19 (a) Thermoregulator system (b) Pneumatic valves
system . . . . . . . . . . . . . . . . . . . . . . . 96
Figure 4.20 (a) Thermocouple placed in the mold water in-
let (b) Thermocouple placed in the mold cavity 96
Figure 4.21 Comparison between the inlet water temper-
ature using long channels (red line) or short
channels (blue line) . . . . . . . . . . . . . . . . 97
Figure 4.22 Numerical and experimental comparison be-
tween the heating profiles . . . . . . . . . . . . 98
Figure 4.23 Heating profiles for different water temperatures 99
xvii
Figure 5.1 Optical microscope Sensofar . . . . . . . . . . . 104
Figure 5.2 Normal probability plot of the standardized ef-
fects . . . . . . . . . . . . . . . . . . . . . . . . . 105
Figure 5.3 Main effects plot: (a) Mold temperature (b)
Packing pressure (c) Injection Rate . . . . . . . 106
Figure 5.4 Interaction plots: (a) Mold temperature-Injection
rate (b) Packing pressure-Injection Rate (c) Mold
temperature-Packing pressure . . . . . . . . . . 106
Figure 5.5 Surface topography for the specimens molded
with a mold temperature of 70 ◦C(a) and 110
◦C (b) . . . . . . . . . . . . . . . . . . . . . . . . 107
Figure 6.1 Technical drawing of the plate with a thickness
of 1 mm . . . . . . . . . . . . . . . . . . . . . . . 111
Figure 6.2 Thermocouple position for checking the mold
cavity temperature . . . . . . . . . . . . . . . . 112
Figure 6.3 CT System Nikon Metrology XTEK MCT225 . 113
Figure 6.4 The utilized oven for burning the polymer matrix115
Figure 6.5 Sample obtained from the specimen before and
after pyrolysis . . . . . . . . . . . . . . . . . . . 115
Figure 6.6 Grid placed above the scanner glass . . . . . . 116
Figure 6.7 (a) Image acquired with the high resolution
scanner (b) Fibers recognition with ctFire (b) . 117
Figure 6.8 The molded specimen . . . . . . . . . . . . . . 120
Figure 6.9 Influence of injection molding parameters on
residual fibers length: main effects . . . . . . . 121
Figure 6.10 Influence of injection molding parameters on
residual fibers length: Interaction plots . . . . 123
Figure 6.11 Portion of the specimen scanned with micro-
tomography . . . . . . . . . . . . . . . . . . . . 124
Figure 6.12 Different fiber distribution by layering the spec-
imen through the thickness: skin layer (a), shell
layer (b), core layer (c) . . . . . . . . . . . . . . 124
Figure 6.13 The specimen fixed on the micro-ct rotating ta-
ble . . . . . . . . . . . . . . . . . . . . . . . . . 125
Figure 6.14 FOD through the sample thickness for the spec-
imen molded at injection speed of 10mm/s . . 126
Figure 6.15 FOD through the sample thickness for the spec-
imen molded at injection speed of 100 mm/s . 127
Figure 6.16 Shear rate profile in function of the specimen
thickness . . . . . . . . . . . . . . . . . . . . . . 128
Figure 6.17 FOD distribution through the samples . . . . . 128
Figure 6.18 Specimen central section subdivision for those
ones with a thickness of 4 mm . . . . . . . . . 130
Figure 6.19 Specimen central section subdivision for those
ones with a thickness of 1 mm . . . . . . . . . 130
Figure 6.20 FOD distribution contour plot . . . . . . . . . . 130
xviii
Figure 6.21 Influence of mold temperature and cavity thick-
ness on fiber orientation . . . . . . . . . . . . . 131
Figure 6.22 Tensile strength: main effects . . . . . . . . . . 132
Figure 6.23 Tensile strength: interaction plot . . . . . . . . 133
Figure 6.24 (a) Fibers orientation, (b) Mold temperature,
(c) Tensile strength . . . . . . . . . . . . . . . . 134
Figure 7.1 S-N curve . . . . . . . . . . . . . . . . . . . . . . 137
Figure 7.2 Variation of the UTS with the mold temperature 138
Figure 7.3 Mastercurve enclosing all fatigue data normal-
ized by the UTS . . . . . . . . . . . . . . . . . . 138
Figure 7.4 Specimen plastic elongation evolution during
the fatigue life . . . . . . . . . . . . . . . . . . . 139
Figure 7.5 Micro-voids variation during the fatigue test . 141
Figure 8.1 Mold Equipment . . . . . . . . . . . . . . . . . 146
Figure 8.2 Pressure acquisition system . . . . . . . . . . . 147
Figure 8.3 Cross model parameters . . . . . . . . . . . . . 148
Figure 8.4 Material modellation with a Cross-WLF model 148
Figure 8.5 Thermal characterization of PET . . . . . . . . 149
Figure 8.6 An example of an acquired injection pressure
profile with a mold temperature of 30 ◦C, an
injection speed of 70 mm/s and the specimen
thickness of 1mm . . . . . . . . . . . . . . . . . 150
Figure 8.7 Physical and virtual measurement of the short
shot length . . . . . . . . . . . . . . . . . . . . . 151
Figure 8.8 Channels simulation model (a) and the simu-
lated heating phase (b) . . . . . . . . . . . . . . 151
Figure 8.9 Model calibration response surface . . . . . . . 152
Figure 8.10 Model calibration response surface . . . . . . . 153
Figure 9.1 Thermal cycle for the PLA specimens injection
molding . . . . . . . . . . . . . . . . . . . . . . . 156
Figure 9.2 The mold for injection molding of PLA . . . . 157
Figure 9.3 DSC scans of the sample cut in the middle of
the specimens annealed with a mold tempera-
ture of 100◦C(a), 120◦C (b) and 140◦C (c) . . . 159
Figure 9.4 The crystallization degree trend varying the
mold temperature and the annealing time . . . 160
Figure 9.5 The samples hardness trend varying the mold
temperature and the annealing time . . . . . . 160
xix
Figure 9.6 The crystals analysis with the polarized optical
microscope . . . . . . . . . . . . . . . . . . . . . 162
L I S T O F TA B L E S
Table 2.1 Mean values (± standard deviation) of the ten-
sile properties of PA6 GF30 specimens extracted
from plates at dfferent orientations . . . . . . 50
Table 2.2 Values of the fatigue strength coeffient σf and
the fatigue strength exponent b of PA6 GF30
specimens extracted from plates at different ori-
entations . . . . . . . . . . . . . . . . . . . . . . 51
Table 2.3 Tsai-Hill parameters . . . . . . . . . . . . . . . . 55
Table 2.4 Tsai-Hill parameters for the fatigue Tsai-Hill
formula . . . . . . . . . . . . . . . . . . . . . . . 55
Table 2.5 Tensile properties of LFT . . . . . . . . . . . . . 59
Table 4.1 Model boundary conditions . . . . . . . . . . . 84
Table 4.2 Model initial conditions . . . . . . . . . . . . . 84
Table 4.3 Maximum cavity temperature (◦C) after 2 sec-
onds varying the inserts geometry parameters 85
Table 4.4 Domains properties . . . . . . . . . . . . . . . . 87
Table 4.5 Model boundary conditions for the transient
simulation . . . . . . . . . . . . . . . . . . . . . 90
Table 4.6 Injection molding simulation parameters . . . 93
Table 5.1 Design of experiments . . . . . . . . . . . . . . 104
Table 6.1 Design of experiments . . . . . . . . . . . . . . 119
Table 6.2 Design of experiments . . . . . . . . . . . . . . 119
Table 6.3 CT acquisition parameters . . . . . . . . . . . . 124
Table 6.4 Specimens thickness and layers percentage dis-
tribution . . . . . . . . . . . . . . . . . . . . . . 127
Table 6.5 Specimens porosity at different molding con-
ditions . . . . . . . . . . . . . . . . . . . . . . . 129
Table 7.1 Design of experiments . . . . . . . . . . . . . . 136
Table 7.2 Fatigue curves fitting parameters . . . . . . . . 137
Table 8.1 Design of experiments . . . . . . . . . . . . . . 149
Table 8.2 Injection molding parameters . . . . . . . . . . 152
Table 9.1 Injection molding parameters . . . . . . . . . . 156
Table 9.2 Shore hardness instrument specifications . . . 157
xx
I N T R O D U C T I O N
Plastics injection molding is one of the most widely used process-
ing technologies in the plastic industry. With the development of
modern industries, more comprehensive and strict functional require-
ments are requested for plastic parts. The mold temperature control
technique adopted in conventional injection molding is the continu-
ous cooling method, in which the coolant is circulated in the cooling
channels at constant temperature to cool the mold and the polymer
melt. As a result, a solidified layer, occurring at the wall of the cavity,
greatly increases the flow resistance and decreases the mold-filling
ability of the polymer melt. Due to this issue, the injection mold-
ing defects such as weld line, sink mark, and short shot cannot be
avoided with this conventional technique. Molding micro features
with high aspect ratio is a critical issue for a conventional molding
process (CIM) because the higher the feature surface-volume ratio
the faster the polymer solidification. Concerning the branch of fiber
reinforced thermoplastic molding, the poor surface aesthetic of the
product molded by CIM process significantly limits its application
where the surface appearance is fundamental. For those reasons, a
novel injection molding technology is proposed: the so-called Rapid
Heat Cycle Molding (RHCM) or Varioterm Injection Molding (VIM).
In RHCM, before the melt injection, the mold is firstly heated to a
preset temperature then, during filling it is kept at high temperature
and at the end it is cooled to allow the solidification of the polymer
melt. For amorphous polymers, the cavity surface is usually heated
up to a temperature that is 10◦C higher than the polymer glass tran-
sition temperature (Tg). A large number of innovative approaches
for rapidly heating the mold cavity have been developed in recent
years. This innovative methods still have many shortcomings to be
applied in mass production. Despite of its industrial relevance, there
are several aspects of this novel process that need to be understood
completely in particular regarding the injection molding of fiber re-
inforced and crystalline materials. In this Ph.D. thesis, an innovative
heating and cooling system was developed replacing the traditional
cooling channel with a porous insert placed behind the mold cavity
surface and geometrically optimized through numerical simulation.
The optimization was carried out developing a series of thermal and
mechanical simulations with the aim of defining the most suitable
inserts geometry to maximize the thermal exchange without impair-
ing the mold integrity. A testing mold was made with the aim of
validating the numerical simulations and characterizing the RHCM
influence on the surface quality and mechanical properties of fiber re-
xxi
inforced polypropylene molded parts. A deep analysis has been car-
ried out in order to completely understand the influence of a RHCM
technology on composite and crystalline materials.
0.1 industrial problem
There is a growing market for thinner plastic parts. Nowadays, the
part thickness of cellular phone components, laptop and notebook
computer components, and similar telecommunication items has al-
ready reached 1 mm or less. This trend is partially caused by the
increasing demand for product portability and material savings as
well as high mechanical strength, close dimensional tolerances, high
shape accuracy, low residual stress, good appearance and excellent
surface texture. Molding thin wall parts the main difficulty is the fact
that the ratio of frozen layer thickness to part thickness during filling
will drastically increase with the decrease of part thickness. The prob-
lem is even enhanced when the frozen layer thickness and the part
thickness are comparable in fact the frozen skin of each side is ap-
proximately 0.25mm thick regardless of the nominal wall thickness
of the part. To solve this problem , resin suppliers recommend us-
ing higher injection speed and melt temperature, however, this leads
to a rapid increasing of the local shear stress and the injection pres-
sure which consequently could cause the deformation of the mold
structure. Two competing factors influence the injection pressure in
conventional injection molding process. On one hand, increase of in-
jection rate results in increase of shear stresses and therefore increase
of the injection pressure. On the other hand, increase of injection
rate reduces solidification during filling, thus resulting in increase
of the effective flow thickness. The combined effects give rise to
a critical injection rate, Qc , which allow the lowest injection pres-
sure. The critical injection rate depends on the part thickness. As
the part thickness decreases, Qc shifts to the region with faster injec-
tion rates. The typical filling time corresponding to Qc for standard
parts (thickness above 2mm) is several seconds, while for thin wall
parts (thickness less than 1 mm) it drops to a few tenths of a second.
In contrast, isothermal filling does not experience solidification, and
therefore the injection pressure increases monotonically as the injec-
tion rate increases. In injection molding of fiber reinforced polymers,
the achievement of an high aesthetical appearance with a CIM process
is possible by adopting an high injection speed. However, this pro-
cessing condition results in increase of shear stress which is the main
factor influencing the fibers breakage during the filling phase. Espe-
cially stiffness and impact strength are related to the length of the
reinforcement, which is negatively affected by breakage during pro-
cessing. RHCM has been recently employed to enhance the molded
parts surface appearance. The rapid heating and cooling of a mold
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cavity surface can greatly mitigate or even eliminate critical surface
defects, such as flow marks, weld lines and poor surface finish due
to the appearance of glass fibers . In particular, it has been detected
as increasing the mold temperature the fiber reinforced molded parts
surface roughness decrease (Figure 0.1). A further RHCM technol-
ogy benefit is the higher flow length achievable comparing with the
CIM technology for an injection molding process at the same injec-
tion pressure. This is an important aspect considering that the melt
viscosity is increased by the presence of the fibers which hinder the
polymer flow. Therefore, the employment of a RHCM technology for
injection mold fiber reinforced materials could lead to the decreasing
of the injection speed, taking advantage of the longer achievable flow
length and the better surface quality, in order to increase the resid-
ual fiber length and consequently the mechanical properties of the
molded composites.
Figure 0.1: Comparison between a fiber reinforced component injection
molded with a CIM (on the left) and a RHCM process (on the
right)
Besides the fiber reinforced materials issue, also the industry of
packaging promotes more and more a reduction in the parts thick-
ness. This is also done in the production of bottles by encouraging
the use of preforms with a thickness becoming thinner with the origin
of several problems related to the process. First of all, if the cooling
rate is too high, the material solidifies before to complete the filling
of the cavity. For preforms with high length-to-thickness ratio it is
necessary to increase the injection speed causing the increasing of the
cavity pressure, and consequently the material degradation. A rapid
heat cycle molding solution could be the solution for these problems
in fact, by increasing the mold temperature, greater flow lengths with
the same injection pressure are achievable.
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Figure 0.2: Example of preforms with different thickness-length ratio
Therefore, the possibility of heating the mold cavity surface before
the injection phase can heavily solve the filling problems. Ideally, the
rapid control of the mold temperature could be interesting not only
for decreasing the injection pressure or improving the molded part
appearance, but even for improving mechanical properties by ther-
mally changing the material morphology. For example, an increase
in overall crystallinity could lead to the improvements in stiffness,
strength, heat deflection temperature, and chemical resistance of crys-
talline materials. However, the crystallization for polymers like PLA
hardly takes place under conventional injection molding conditions
where the cooling rate is too high for promoting the crystals nucle-
ation. In this case a strict control of the mold temperature by using a
RHCM technology could be an interesting solution for setting a favor-
able mold temperature for the crystals nucleation as well as control
the material cooling rate in order to promote the crystals growing.
Among all available heat generation technologies, the simplest ap-
proach to thermally cycle the cavity surface temperature consists in
circulating alternatively hot and cool water in the mold cooling chan-
nels. The utilization of water as operative fluid simplifies the whole
system and it permits to reduce the initial investment and the oper-
ating costs. Conformal channels are used to ensure a high thermal
exchange and a uniform temperature along the mold cavity. A further
solution regards the development of a modular mold where inserts
made of open-cell aluminum foam in order to allow high thermal dif-
fusivity and high area to volume ratios for heat transfer. However,
some disadvantages such as low stiffness and high purchase costs
have limited the usage of this solution therefore, further studies are
needed for developing a reliable and industrially interesting solution.
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Figure 0.3: Example of products injection molded with PLA
0.2 the aim of this work
The present work comes from a project of the Department of Indus-
trial Engineering (DII) at the University of Padova. Part of this re-
search work has been carried out within a collaborative research ac-
tivity program carried out between the DII and the Polymer Com-
petence Center of Leoben (PCCL), University of Leoben. The first
purpose of this study is the development of a new solution to rapidly
control the mold temperature. A further aim regards the the identi-
fication of the best process conditions that can be used to maximize
the mechanical properties and surface appearance of fiber reinforced
component. A final task will regard the usage of RHCM technology
for improving the filling behavior as well as the mechanical properties
of injection molded crystalline materials. The analysis was structured
in the following points:
• An innovative RHCM system was developed replacing the tra-
ditional cooling channel with a porous insert placed behind the
mold cavity surface and geometrically optimized through nu-
merical simulation. The optimization was carried out develop-
ing a series of thermal and mechanical simulations with the aim
of defining the most suitable inserts geometry to maximize the
thermal exchange without impairing the mold integrity. The
purpose of this study was to overcome the limitations of the
available technologies concerning the cycle time and the mold
temperature uniformity. A testing mold was made with the aim
of validating the numerical simulations.
• An experimental analysis was carried out to understand the
mold temperature, injection rate and packing pressure effects
on surface topography of fiber reinforced injection molding com-
ponents. A Design of Experiments analysis (DOE) was devel-
oped to experimentally study the influence of the injection mold-
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ing process parameters on residual fiber length, fiber morphol-
ogy and mechanical properties. A new methodology was de-
veloped for measuring the residual fibers length. The proce-
dure involved the using of a professional scanner and a spe-
cific software able to automatically measure the fibers length.
Conversely, the internal molded part morphology was inves-
tigated with an X-ray tomography system which allowed the
reconstruction of the internal part micro-structure without im-
pairing the material integrity.
• Tensile tests were conducted to investigate the influence of pro-
cessing parameters on the specimens ultimate tensile stress. The
results were interpreted by analyzing the correlation between
residual fibers length and fibers orientation with the mechani-
cal results.
• Fatigue tests were conducted to investigate the influence of mold
temperature and part thickness on the fatigue behavior of fiber-
reinforced material. A fatigue fractioned test was also carried
out in order to evaluate the influence of porosity on the molded
specimens fatigue resistance.
• A numerical approach was considered for studying the RHCM
technology influence on injection pressure and crystallization
degree of PET thin wall bottle preforms. The purpose of this
task consisted in taking advantage of the high mold tempera-
ture for reducing the injection pressure, without increase the
final part crystallinity above the allowed limit.
• A RHCM technology was involved in order to promote the PLA
crystallization directly inside of the mold. The mold tempera-
ture and the annealing time were varied in order to investigate
their influence on material crystallization and surface hardness.
0.3 outline
In Figure 0.4 it is shown the outline of this thesis connecting the
RHCM capabilities with the industrial problems and consequently
the researches activities carried out in this work.
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I N T R O D U C T I O N O F R A P I D H E AT C Y C L E
M O U L D I N G T E C H N O L O G Y
Injection moulding is one of the most widely used processing tech-
nologies in the plastics industry. In conventional injection moulding
(CIM), polymer melt is injected into a closed cavity, held under pres-
sure to compensate for thermal shrinkage until the gate freezes, and
then ejected out of the cavity after the part has sufficiently cooled. A
constant mould temperature is widely used in conventional injection
moulding practice. The mould temperature is controlled by pumping
fluid with constant temperature through the cooling channels of the
mould and adjusting the rate and the temperature of the coolant. The
standard injection moulding process suffers from problems caused
by the large temperature difference between the mould and the in-
coming polymer. Upon contact with the mould surface, the polymer
melt starts to solidify, almost instantaneously, at the mould surface.
Because of this frozen layer, it is difficult to fill a part with a large
length/thickness ratio. The premature freezing problem during the
filling stage also results in weak weld lines because of the lack of
molecular diffusion between the joining melt fronts. More important,
the frozen outer layer deteriorates the optical and mechanical proper-
ties of the moulded part. The molecular orientations in the skin result
in distributed birefringence and residual stresses, of which the latter
is the primary driver for part warpage and dimensional instability.
Often, the injection pressure in thin-wall moulding exceeds 100 MPa,
a thousand times higher than the atmospheric pressure, resulting in
high shear rates approaching 104s−1. Most of the aforementioned
part defects may be alleviated or eliminated if an elevated mould
temperature close to or even above the polymer transition tempera-
ture is used. This elevated mould temperature, however, substantially
increases the cycle time, thus lowering the productivity to a reat ex-
tent. The ideal moulding condition is to have a hot mould during
the filling stage and a cold mould during the cooling stage. In reality,
a single mould is used in injection moulding; therefore, means for
rapid temperature change of the same mould are required to approx-
imate this ideal moulding condition. Despite the advantages of the
differential mould temperature setup, an injection mould typically
presents a large thermal mass and is difficult to heat and cool rapidly
within the normal injection moulding cycle. Furthermore, any modi-
fied mould should possess similar mechanical performance as a stan-
dard mould. Some early study demonstrated the capability of im-
proving the part quality but in a rather impractical way since it in-
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volved time-consuming heating and cooling of a large portion of the
mould system. The number of studies on mould rapid heating and
cooling has increased in recent years, especially after the 1990s. The
primary driver comes from the growing need of precision parts, opti-
cal parts, and parts with microfeatures in the electronics and biomed-
ical industries. Without an elevated mould temperature during the
filling stage, it is difficult to mould a thin and long part without short
shots, a precision part with minimal residual stress and thus accept-
able warpage and dimensional stability and an optical part with a
low level of birefringence. Recent works focused on selectively heat-
ing only the surface portion of the mould. Development of capable
techniques for rapidly heating and cooling the mould surface portion
is a difficult task because of the constraints and the endurance lim-
its of the materials used for the mould. At present, rapidly heating
and cooling a large surface area mould remains a major challenge in
the polymer moulding industry. This chapter presents an overview
on the state of the art in mould rapid heating and cooling, aiming
at explaining the working mechanisms and providing an unbiased
account of the pros and cons of existing processes and techniques.
Successful applications of existing processes are described and poten-
tial improvements to these processes are highlighted.
1.1 process principe
The mould temperature control strategy of RHCM is quite different
from that of CIM. CIM process consists of plastication of the polymer
pellets in barrel, filling and packing of the resin melt in mould cavity,
solidification of the shaped resin melt, and mould opening to eject
out the moulded part. In RHCM, the mould is circularly heated and
cooled and so the cavity surface temperature fluctuates significantly.
As the temperature of the cavity surface reaches the designated value,
generally 10◦C higher than Tg of the polymer, the resin melt in the
barrel is injected into the cavity. When the thermal couple detects
that the mould cavity surface has been heated up to the required tem-
perature, the variothermal mould temperature control system sends
a signal to the moulding machine immediately for melt injection. Af-
ter filling and packing, the mould is cooled down quickly to solidify
the shaped resin. Once the cavity surface temperature lowers to the
required temperature, usually 10◦C lower than the heat deflection
temperature of the polymer, the moulding machine is given a signal
to open the mould and the moulded part is ejected out. Then, the
mould is reheated for the next moulding cycle. Figure 1.1 shows the
comparison of the changes of the mould temperature during RCHM
and CIM processes.
As most of the shell plastic parts just fulfill the requirement of a
good outer surface appearance, only one side of the mould, usually
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Figure 1.1: Comparison of the changes of the mould temperature in RHCM
and CIM processes
the cavity side, needs to be heated. According to the temperature
feedback of a thermal couple, the variothermal mould temperature
control system can coordinate the activities of the heating system,
cooling system, and the moulding machine to achieve a continuous
RHCM process. The cycle time is one of the most important factors to
be considered because it affects the production efficiency. In RCHM
we expect to decrease the moulding cycle time by determining a rea-
sonable starting time of the heating process to fully use ejecting time
and mould closing time to heat the moulds. The heating process
can start once the moulds are opened and the moulded part sepa-
rates from the mould cavity. In this condition, the mould are heated
during mould-opening, ejecting and taking out the part, and mould
closing. The whole moulding cycle time, t cycle , can be expressed as:
tcycle = t f illing + tpacking + tcooling +max(topening + tejection + tclosing), theating
(1.1)
where t f illing, tpacking, tcooling, topening, tejecting, tclosing, and theating de-
note the filling time, packing time, cooling time, mould-opening time,
ejecting time, mould-closing time, and heating time, respectively. max(
topening + tejecting + tclosing), theating) represents the maximum between
the theating and the sum of topening, tejecting, tclosing. However, if both the
surfaces parts sides are required to have good aesthetics, the surfaces
of the mould cavity and core sides all need to be heated. For this case,
the heating process of the cavity and core can be started once the part
is ejected out from the mould. The heating process of the cavity and
core is performed simultaneously with the operations of ejecting and
mould closing. In this condition, the whole moulding cycle time can
be expressed as:
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Figure 1.2: Schematic of heat transfer process in injection moulding
tcycle = t f illing + tpacking + tcooling + topening +max(tejection + tclosing), theating
(1.2)
1.2 heat transfer process in injection moulding
There are three contributions to the heat in the thermoplastic melt
during the injection stage: Q1, convected heat from the melt; Q2 ,
heat conducted to the mold; and Q3, heat generation inside the ther-




+ υ ∗ ∇T) = ∇ ∗ (k∇T) + (ασ : γ˙+ s˙) (1.3)
where δ is density, cp is specific heat, k is thermal conductivity, T
is temperature, t is time, v is a velocity vector, σ is a total stress ten-
sor, γ˙ is a strain rate tensor, α is the fraction of deformation energy
converted into heat, and s˙ is a heat generation source from a non de-
formation field. In Equation 1.3, δcpυ∇T represents the convective
energy, that is, Q1; ∇(k∇T) corresponds to the conduction loss to the
mold, that is, Q2 ; and (ασ : γ˙+ s˙) represents the total heat generation
source, that is, Q3. In Q3 , ασ : γ˙ denotes the heat generation due to
permanent deformation, and in the filling stage, it is viscous heating,
that is, η γ2, where γ is the equivalent strain rate. Figure 1.2 schemat-
ically illustrates the heat transfer process in thermoplastic injection
moulding.
1.3 rhcm applications and benefits
With a rapidly heated mould surface during the filling stage, the
frozen layer is reduced, or even eliminated, if the mould surface tem-
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perature exceeds the polymer freezing or vitrification temperature.
This reduction in freezing has a profound effect on the quality of the
moulded part. In particular, flow induced molecular orientations are
reduced, allowing the molding of a more isotropic part. The resulting
part exhibits a lower level of birefringence, reduced residual stresses,
better optical properties, and improved dimensional accuracy and
stability. The fluidity of the polymer is also increased, resulting in
a longer flow path, better replication of surface topography and mi-
crostructures, and stronger weld lines. In addition, with active mould
heating and cooling during the entire moulding cycle, the thermal his-
tory of the polymer can be controlled so as to optimize its structure
and morphology. This appears to be useful for polymers, particu-
larly for those in which structural formation is sensitive to thermal
changes within the normal time scale in injection moulding.
1.3.1 Minimizing weld lines
Weld lines are formed during the filling stage when two or more
melt fronts come in contact with each other. Weld lines represent a
potential source of weakness in moulded parts. The low mechanical
properties in weld lines are considered to be caused by several fac-
tors such as poor intermolecular entanglement across the weld line,
molecular orientation induced by fountain flow, and the stress con-
centration effect of surface V-notch etc. This is a particular concern
for parts subjected to dynamic loads. It is generally believed that the
weld line strength increases as the temperature and pressure at the
weld increases.
The contribution of the skin layer reduction combined with the
less material viscosity in proximity of the weld line allow, during the
packing phase, the complete filling of the small groove as shown in
Figure 1.3 [1]. An high mold temperature ensures the hiding of the
weld line for human eyes as well as optical microscope. The groove
reduction is obtained for amorphous,crystalline and nano-filled ma-
terials, however the weld line behaviour is less understandable for
fiber reinforced materials (Figure 1.4,Figure 1.5), where the weld line
reduction can be achieved only within a small range of mold temper-
ature[1, 2]. As far as the weld line resistance is concerned, a deep
analysis is carried out by Wang et al.[3]. The author have tested
six different materials, in particular PS, PP, ABS, blend ABS/PMMA,
ABS/PMMA/nano-clay and fiber reinforced PP. A suitable mold was
made for realizing tensile and IZOD impact specimens, with and
without weld line. The analysis was carried out in order to study
the mold temperature influence on mechanical properties. The analy-
sis of results showed that the weld line directly influenced mechanical
properties and the variation was function of the material used. The
static resistance was only partially influenced by the weld line except
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Figure 1.3: Structure of opposite flow weld line
Figure 1.4: Weld line depth varying mold temperature for:(a) ABS/PMMA
normal and high gloss, ABS (b) PP (c) PS
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(a) (b)
Figure 1.5: Weld line width varying mold temperature for:(a) ABS/PMMA/-
nano CaCO3 (b) PP 30% LGF
(a) (b)
Figure 1.6: RHCM application on (a) flow marks (b) jetting marks
for the fiber reinforced polypropylene which pointed out a reduction
of static resistance up to 60%. The main reduction was seen injection
molding at high mold temperature. Conversely, for the impact resis-
tance test, the weld line caused a reduction of 30− 50% for all the
investigated materials. The impact resistance was slightly higher for
the specimens injection molded at high mold temperature.
jetting marks and flow marks reduction Considering that
the jetting marks phenomenon is caused by the gate geometry and po-
sition and the injection velocity, it is not possible to completely solve
this problem by increasing the mold temperature. However, using the
RHCM technology it is possible to release the surface stress deleting
any defects which could appear on the surface [4]. Figure 1.6 shows
that an high mold temperature hides jetting marks and flow marks
as well.
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Figure 1.7: Example of micro-features replicated (a) by conventional injec-
tion molding and (b) employing the RHCM system
microfeatures replication As already advanced in the pre-
vious chapters, the controlling of mold temperature is important in
biomedical field where, for particular applications, it is required the
replication of micro features with high aspect ratio. Reducing the
melt material freezing it is possible to keep the injected melt at low
viscosity ensuring the filling of the micro cavities during the pack-
ing phase. The replicability is considerably increased as reported by
Lucchetta et al. [5] (Figure 1.7).
aesthetic applications In injection molding, the achievement
of components with high aesthetic quality is difficult in fact, for many
applications, subsequent finishing operations such as coating or paint-
ing were necessary. The increasing in importance of aesthetic compo-
nents is becoming critical especially in automotive field. One of the
main institutes which work about this topic is the Chalmers Univer-
sity of Technology of Goteborg in Sweden. There, in collaboration
with Volvo, many studies were developed concerning the influence
of process parameters on gloss surface and micro features replication.
Pisciotti et al. [6], investigated the effects of mold temperature, in-
jection velocity and packing pressure on respectively rough and pol-
ished surfaces. The material investigated was polypropylene charged
with pigments. The results underlined that injection velocity was
the main parameter and it affects the surface appearance, increasing
the gloss for the mold with low roughness, while the injection ve-
locity effect was the opposite in case of rough surfaces. In this test,
the mold temperature effect was negligible due to the limited inves-
tigated range. Indeed, the maximum mold temperature was set to
60◦C. From this point of view, other research activities pointed out
the benefits obtained using high mold temperature. Dawkins et al.
[7], for example, highlighted that the main parameters affecting gloss
were mold temperature, melt temperature, injection speed and pack-
ing pressure. In Oliveira et al. [8], similar conclusions were drawn,
even though in this case, increasing the mold temperature a higher
gloss surface was obtained both for polished and rough surfaces. The
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Figure 1.8: Mold temperature influence on gloss for:(a) ABS and ABS/P-
MMA (b) PP (c) PS
development of varioterm technologies allowed the possibility of con-
trolling precisely the brightness and the surface roughness on the
molded part surface.
Wang et al. [1, 2], in particular, have carried out several studies
concerning the mold temperature influence on surface appearance of
injection molded parts with RHCM, both with polished and rough
cavity surfaces. The author adopted a white light interferometer to
characterize the surface topography and a glossmeter for measuring
gloss. Blends of ABS/PMMA, ABS, PP and PS have been investigated,
as well as reinforced materials such as ABS/PMMA nanofilled and
fiber reinforced PP.
Except for the PS, all the investigated materials have shown an in-
creasing of gloss associated with a decreasing of roughness surface,
as visible in Figure 1.8and Figure 1.9. It is interesting to note that
there is a mold temperature threshold above that roughness surface
and gloss stabilize. Therefore, it is worth considering a mold tem-
perature value which is close to this limit in order to take advantage
of the RHCM technology but still ensuring a small cycle time. Con-
cerning the PS, which is a 100% amorphous material, the influence
of mold temperature on roughness surface and gloss is almost negli-
gible. This behavior can be understood considering the phenomenon
of rough surface formation on a polished mold cavity, which is gov-
erned by the material heterogeneity. Indeed, the increasing of surface
roughness is due by the nano-clay surfacing in the nano-charged ma-
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(a) (b)
Figure 1.9: Effect of process parameters on gloss for:(a) ABS/PMMA/nano
CaCO3 (b) PP 30% LGF
terials, the exposition of butadiene particles in the ABS and the differ-
ential shrinkage on macroscopic scale for semi-crystalline materials
and blends. The PS is homogeneous therefore it does not show this
phenomenon as visible in the images below (Figure 1.10) acquired
with a white light interferometer.
lead time reduction and environment impact The re-
sults just reported are very interesting. The possibility of obtaining
high gloss, directly by injection molding, open new horizons in terms
of lead time reduction and simplification of the technologic cycle of
high level components. In general, the benefits due to the usage of
a RHCM technology can justify the purchase of a Varioterm system.
In particular, producing an end product it is possible to save money
regarding the equipment, the manpower, the management cost, the
disposal costs and the warehouse costs connected with the finishing
operation. The market lead time is also decreased, which is very
important for electronics of consumption products. The elimination
of these operations, the painting phase in particular, results also in
an environment friendly way to produce components and to dispose
them after their life.
injection molding of high performance materials There
are polymer materials with high performances that historically are
considered difficult to injection mold, due to their high melt temper-
ature, up to 400◦C. For example, the PEEK material has been suc-
cessfully injection molded by Roc Tool (leader in the field of injection
molding) with a mold temperature of above 300◦C in order to com-
pletely fill the mold cavity and to obtain an aesthetic surface. There-
fore, this technology enables the injection molding of materials with
an high ratio between mechanical properties and density ensuring a
good appearance.
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Figure 1.10: The negligible influence of mold temperature on PS
Figure 1.11: Injection molding of PEEK at high temperature (RocTool)
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Figure 1.12: Illustration of the formation mechanism of the concave warpage
in RHCM
rhcm technology disadvantages As often happen in engi-
neering, besides the benefits of a technology there are also some dis-
advantages. In this case, the problems can be solved through a suit-
able design of the mold and the process. A first issue, concerning
the injection molding with high mold temperature, is due to the low
material viscosity during the injection phase. It is known that dur-
ing the mold life, the closure surfaces are subjected to wearing which
can lead to the formation of a flash between the half molds. With
a RHCM technology, it is predictable that this phenomenon occurs
for less cycles considering the low material viscosity and the thermal
mold fatigue. This is a further problematic since the high thermal
gradients lead to fast expansion and contraction of the mold which
induces the mold thermal fatigue.. Many issues have to be taken
into account using a new technology as RHCM, the know-how ac-
quisition, the system setup, the personal training and the employees
safety is fundamental. Indeed, the heating of the mold can involve
for example high frequency current, electromagnetic fields, hot water
or steam and many other systems potentially dangerous for the oper-
ators safety. From the process parameters point of view, the warpage
phenomenon has been investigated since it could be enhanced by us-
ing a Varioterm technology. This behavior has been studied by Wang
et al. [9] where a process parameter optimization was carried out to
minimize the warpage of a TV frame. Here, the goal was the achieve-
ment of an aesthetic surface only in one side of the injection molded
part. For this aim, a RHCM technology was involved to rapidly heat
the mold surface on one mold half, therefore the thermic asymmetric
distribution induced leaded to an unbalancing of the melt flow due
to the different thermal exchange between the polymer melt and re-
spectively the hot and the cold mold surfaces (Figure 1.12). Here, the
differential freezing of the melt through the thickness leads to a an in-
ternal stress which causes the warpage of the molded part. It is clear
that the warpage phenomenon occurs in the conventional process as
well, but in this case it is magnified.
1.4 mould design for rapid thermal cycling 15
Figure 1.13: The TV front shells produced with different packing pressures
in RHCM
Conversely, from the study has emerged the possibility of aging
on packing pressure and packing time in order to minimize the part
warpage (Figure 1.13).
To conclude, thanks to the development of reliable software of injec-
tion molding simulation, it is possible to predict the warpage amount
during the design phase checking also the possibility of thermally
control both the half molds in order to ensure a symmetric freezing
of the part.
1.4 mould design for rapid thermal cycling
The difficulty in designing a rapidly heatable and coolable mold arises
from several specific functional requirements that a productive mold
must satisfy. The typical injection pressure ranges from 10 MPa to
more than 100 MPa. The high cavity pressure could cause a signif-
icant deformation of the mold cavity. If soft organic materials are
involved for insulation purposes, appropriate design schemes must
be utilized to minimize the amount of mold deflection. The mold
must be mechanically capable of supporting an extremely high injec-
tion pressure and a large clamping force. This is important when
stiff but brittle materials are used. The mold should have a low ther-
mal mass and exhibit a low inertia to variation of thermal loads [10].
Cycle time is as important as part quality in mass production and
is directly related to the manufacturing cost. Even if the formidably
high heating energy could be made affordable, it would still be dif-
ficult to cool a large thermal mass within the normal cycle time. Fi-
nally, thermomechanical durability during thermal cycling is critical
in mass production of plastic parts. The design of a rapidly heatable
and coolable molding system must be considered carefully and must
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be economically and practically feasible. For a system with differ-
ent materials used for insulation and heating purposes, the thermal
mismatching problem could greatly reduce the life of the mold.
1.4.1 Constituent elements
An industrial process or machine can be decomposed into its con-
stituent elements. These elements can then be recombined in a sys-
tematic way into either innovative solutions. In accordance with Yao
et al. [11], four constituent elements are needed for a rapidly heatable
and coolable mould:
• low thermal mass;
• a stiff, strong, and durable mould;
• a mold heating system;
• a mold cooling system.
Conventionally, mould cooling is achieved with fluid coolants, usu-
ally water and less frequently air or other fluid media. Although, in
theory, cooling can be achieved by other mechanisms. But these meth-
ods are expensive and less effective than conventional water cooling.
Compared with heating, cooling can be performed at a lower rate
because, during cooling, the injection moulding machine needs ad-
ditional time for plasticating a new shot for the next cycle. There-
fore, the thermal gradient developed in the cooling stage is lower
than that in the heating stage and the mechanical requirements are
almost solely designed for the heating means. In most studies [10,
12, 13], on mold rapid heating and cooling, although heating was
carried out unconventionally, cooling was performed in the conven-
tional way. Therefore, studies with unconventional cooling systems
are uncommon.
mold with low thermal mass For RHCM, the required heat-
ing and cooling time of the mould mostly depends on the mass of
the cavity/core to be heated and cooled. A mould with a low ther-
mal mass exhibits a low thermal inertia and can be rapidly heated
and cooled. As shown in Figure 1.14, the thermal performance of a
rapidly heatable and coolable mould to three thermal rates: the ini-
tial heating rate, the secant heating rate and the initial cooling rate.
Previous investigations [12, 14, 15] showed that a mould with a low
thermal mass can deliver a rapid temperature rise of 100◦C/s with a
heating power of the order of 100W/cm2 . Since the heat used during
heating needs to be removed during cooling, the low thermal mass is
also critical for energy saving.
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Figure 1.14: Schematic heating and cooling response at the mold surface
The thermal mass, M, can be defined as the product of mass and
specific heat, as given in Equation 1.4:
M = δ ∗V ∗ cp (1.4)
where V is the volume of the mass. Three basic building blocks
for a low thermal mass are revealed from Equation 1.4, that are den-
sity, specific heat and volume. The density and specific heat for most
materials, including metals, ceramics, and polymers, is about 3106
J/(m3K). Density and specific heat are intrinsic material properties
that cannot be modified. The first two building blocks are not vari-
able in practice. To reduce the thermal mass, the volume of the mate-
rial being heated should be reduced. However, the extent of volume
reduction is limited by some mould design constraints, particularly
the required structural stiffness [16].
1.4.2 Mould with scaffolded structures
In the porous material building block, the mould comprises a sig-
nificant percentage of voids. The actual volume of the mass is much
smaller than the apparent volume of the mould. Technical approaches
to this building block include scaffolded structures [17, 18]. Xu et al.
[16] designed a scaffolded mould with beams as supporting elements
arranged in a three-dimensional pattern, resulting in a fully open-
pore mould insert. In general, to create such a mould, free-form
additive manufacturing techniques are needed (e.g., selective laser
sintering and three-dimensional printing). Figure 1.15 shows a demo
insert with cooling channels and truss support made by 3D printing
process. For a scaffolded mould, structural issues, particularly on the
stiffness of the mould, need to be addressed in the design.
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Figure 1.15: Example of a 3D printed scaffolded structure
This can be accomplished by a computer-aided structural analysis.
In the case of simple internal hollow geometries combined machining
and fusion techniques may be used. Yao et al. [15] created a thin
plate with rectangular pockets on one side and welded this side to
a thick mould base. The conformal pockets or channels placed near
the mould surface create an opportunity for rapid cooling by passing
a cooling medium in these spaces during the cooling stage [18, 19].
Recently, Chen et al. [20] more quantitatively investigated the use of
pulsed cooling for enhancing the thermal performance, proven to be
effective even for a more conventional mould design. Anyway, for
structures of this configuration, a detailed mechanical analysis have
to be carried out in order to completely understand their static and
dynamic resistance [21].
1.4.3 Multilayer mould
In an insulated mass building block, a thermal insulation is sand-
wiched between the bulk mould base and the cavity surface portion,
resulting in a multilayer mould design [12, 14, 22–28]. In this case,
different materials are used in the mould. Because the thermal and
mechanical properties are different between a typical conductor and
an insulator, the main challenge arises from the high interfacial shear
stress between the layers generated during the heating and cooling
stages. Yao and Kim [14] simulated the thermal stress developed in
a multilayer mould with a steel base, a metallic coating layer and an
oxide insulation layer. Although most reported multiplayer moulds
suffered from serious durability issues, the approach was found to
be useful during passive heating [29]. Innovative technologies have
been developed for creating many layers of thin materials near the
surface, allowing gradual variation of properties between layers [30].
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Similar techniques may be developed to improve the durability of a
multilayer injection mould. Orthotropic materials have been used for
mould rapid heating applications. In particular, Yao and Kim [31]
used pyrolytic graphite with orthotropic properties produced in a
chemical vapor deposition (CVD) process. The material exhibited a
factor of 200 in thermal conductivity difference and a factor of 1200 in
electrical resistivity difference, and can be heated and cooled rapidly
with a thermal rate over 100◦C/s. Although graphite is not a desired
mould material, this approach could be extended to a more durable
material.
1.5 mould surface heating methods
The only two mechanisms relevant to mould rapid heating are heat
generation and heat conduction. Among all possible internal heat
generation mechanisms, electrical resistive heating is the most used
mechanism for mould rapid heating. Electrical resistive heating can
be accomplished by passing direct or alternating current in a thin elec-
trical conductive layer or by skin effects from a high-frequency elec-
tromagnetic field. Two useful technical approaches for implementing
this skin effect are induction heating and proximity heating. If the
mould material is an insulator exhibiting reasonable dielectric loss,
it may be heated by high-frequency dielectric heating, including mi-
crowave heating. Heat generation using the Peltier effect has also
been reported in mould heating, although the thermal rate was slow.
The technical aspects for each technology will be described in detail
in the following sections.
1.5.1 Electrical resistive heating
In electrical resistive heating, the heat is generated according to Joule’s
first law. For safety reasons, low voltage and high current are typi-
cally desired. Most good resistive heating materials either are brittle
or require a specific geometry (e.g., resistive wires). In the case of
mould rapid heating, a metallic heating layer is desired. However,
metals are excellent electrical conductors and therefore high resis-
tance is difficult to obtain unless the geometry is long and thin. A
schematic setup of mould rapid heating by low frequency electrical
resistive heating is illustrated in Figure 1.16.
Flexible, thin-film heaters are available commercially, typically made
of a zigzag thin-film metallic pattern to increase the resistance, sand-
wiched between two insulation layers. For this method, an insulation
layer is needed beneath the thin resistive heating layer (Figure 1.17).
However, any tiny scratch on the surface could result in a catastrophic
failure due to nonuniform heating and local stress generated. Fur-
thermore, the contact resistance at any connecting junctions could be
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Figure 1.16: An electrical resistive heating with low-frequency electrical cur-
rent
Figure 1.17: A schematic setup of mould rapid heating by electrical resistive
film (Thermoceramix system)
significant, resulting in an additional failure mode. Significant efforts
in multilayer resistive heating was directed to identify a identify stiff,
strong, and durable materials with relatively high resistivity [22].
1.5.2 Induction heating
Induction heating is the process of heating an electrically conducting
object (usually a metal) by electromagnetic induction, where eddy
currents are generated within the metal and resistance leads to Joule
heating of the metal. An induction heater consists of an electromag-
net, through which a high-frequency alternating current is passed.
Induction heating is an efficient means to heat the mould surface in
a non-contact procedure. Chen et al. [32] applied induction heating
to improve the surface appearance of weldlines. Kim et al. [33] used
induction heating in a procedure that rapidly raises the surface tem-
perature of a nickel stamp with nanoscale-grating structures. Park
et al. [34] improved the mouldability of micro-features by applying
high-frequency induction heating. This study applies induction heat-
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Figure 1.18: A schematic setup for induction heating of mould inserts
Figure 1.19: A schematic setup for induction heating with internal coils
(3iTech system developed by Roctool)
ing to the elimination of weld lines in an injection-moulded mobile
phone cover. A schematic setup of a induction heating system with
an external elliptic coil is shown in Figure 1.18.
One benefit of this method, therefore, is that the electrical insula-
tion right beneath the mould surface is not needed. But its use in
mould surface heating requires solutions to several problems, includ-
ing coil design, system operations, and parameter control. In general,
direct embedment of the coil inside the mould is difficult and the
common practice is to use a separate external coil. For this reason,
the reported experiments were limited to mould preheating before
the mould closes. Concerning the effectiveness of the internal coils
solution for induction heating cannot be assessed at this moment be-
cause of the lack of experimental data reported.
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Figure 1.20: Principle of high-frequency proximity heating
1.5.3 High-frequency proximity heating
Another high-frequency resistive heating method is proximity heat-
ing [15]. The principle of this method is based on the proximity effect
[35] between a pair of conductive blocks facing each other with a
small gap in between and forming a high- frequency electric circuit,
as shown in Figure 1.20. The high-frequency current flows at the in-
ner sides of the facing pair, heating the mould surface portion. The
proximity heating method does not need the presence of an electri-
cal insulation layer beneath the mould surface. The main benefit of
proximity mould heating over inductive mould heating is that the
separate electrical coil is eliminated. This facilitates active heating
to be performed even when the mould is closed. However, mould
surfaces with complex shapes are difficult to heat.
1.5.4 Dielectric heating
Dielectric heating, also known as high-frequency heating, is the pro-
cess in which a high-frequency alternating electric field, or radio wave
or microwave electromagnetic radiation heats a dielectric material.
The use of dielectric heating for mould rapid heating requires that
the mould be a dielectric material and an electrical insulator. This
method has limited applications in mould heating, and more often it
is used for heating the polymer [36]. Dielectric heating of the polymer
can be combined with induction heating for enhancing the mould
heating performance [37]. In the case in which the mould is also
made of a dielectric material, both the mould and the polymer can be
actively heated by the high-frequency energy [38]. It should be noted
that most polymers are poor electromagnetic absorbers. Therefore,
either a high power source or easily excitable additives are needed
for the practical use of dielectric heating of the moulding polymer.
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1.5.5 Thermoelectric heating
Thermoelectric cooling is based on the Peltier effect to create a heat
flux between the junction of two different types of materials. A Peltier
heater is a solid-state active heat pump which transfers heat from one
side of the device to the other side against the temperature gradient
with consumption of electrical energy. The direction of heat trans-
fer can be reversed by switching the polarity of the power supply.
Sequential heating and cooling can be performed by a single thermo-
electric device. Kim and Wadhwa [10] used commercially thermo-
electric devices for mould heating. The major limitation of such a
thermoelectric heating device is that the heat generated on one junc-
tion is rapidly conducted to the other junction because of the small
space involved and the moulding heating and cooling rate with ther-
moelectric heating is rather slow. Whiteside et al. [39] showed that
the Peltier device did not have the power to adequately control the
temperature of the cavity.
1.5.6 Radiation heating
The radiation heating building block implements a radiation bound-
ary condition in the heat transfer process. The energy is transmitted
from a remote body in a noncontact manner in the form of rays and
waves. The use of radiation for mould rapid heating has been exclu-
sively focused on infrared heating [40–46]. As is generally known, ra-
diation energy propagating in a radiation absorbent is exponentially
absorbed and attenuated. Its relation is described by Lambed-Beer’s
law.
I = I0exp(−βx) (1.5)
Absorbed radiation energy is converted into thermal energy, and
then the absorbent temperature is increased. The extent of the ra-
diation heating depends on the radiation Background study and lit-
erature review absorption coefficient that is a function of the mate-
rial components and radiation wavelength. A characteristic point of
the proposing technique is its non-contact, volumetric heating and
good controllability for the heating extent. One part of the mould
wall must be transparent to introduce the radiation energy from the
outside of the mould blocks. Thus the moulded polymer is directly
heated by radiation energy, and the temperature of the moulded poly-
mer is easily controlled by radiation intensity. Many polymer materi-
als have several absorption bands for infrared radiation. Rapid ther-
mal processing using radiation heat transfer is a widely used tech-
nique in semiconductor manufacturing processes such as chemical
vapor deposition (CVD) on silicon substrates. Because of vacuum
environment in the CVD chamber, radiation is a more efficient heat
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Figure 1.21: Infrared heating system
transfer mode to heat the silicon substrates rapidly. The short wave-
length halogen lamps are used as the infrared source. The silicon
substrate is insulated by quartz pillars and the temperature of silicon
substrate can be raised from 300◦K to 1300◦K in 10s. Some researchers
have studied the temperature control of the RTPCVD system. In injec-
tion moulding, multiple infrared lamps can be assembled on a lamp
holder and used as a single external device that can be moved in and
out of the space between the two mould plates [43–45]. A flat reflector
with scattered lamps is shown in Figure 1.21.
With the modification of the infrared rapid surface heating tech-
nique for injection moulding, e.g., increase power of bulbs, focus the
energy at the area of mould insert and lower the mould temperature,
the cycle time can be kept within an affordable period of time. One
difficulty in infrared heating is to achieve uniform heating tempera-
ture across the mould surface. Commercial optical analysis software
can be used to simulate the infrared absorption of the mould surface
for the first stage of analysis and to optimize the lamp pattern. In-
frared lamps can be installed inside the mould plates in addition to
external infrared sources [42]. In this case, infrared heat is available
when the mould is closed, allowing active heating during the entire
mould cycle. A schematic setup of a infrared heating system with
external infrared lamps is shown in Figure 1.22.
1.5.7 Contact heating
In contact heating or conduction heating, a low temperature body is
conductively heated by contacting with a high-temperature body. Lit-
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Figure 1.22: Schematic of the infrared heating system assembled on the
mould
tle effort has been reported in mould rapid heating using contact heat-
ing [47]. Stumpf and Schulte [48] disclosed a mould design in which
a thin inner region of the mould adjacent to a hollow mould cavity
is conductively heated by a more bulky outer region maintained at
a higher temperature. After moulding, the thin inner mould region
together with the moulded part is cooled independent of the outer
region. Yao et al.[47] experimentally investigated the use of two sta-
tions, one hot and the other cold, for rapidly heating and cooling
flat shell moulds. They reported that aluminum shell moulds with a
thickness of 1.4mm could be rapidly heated from room temperature to
200◦C in about 3s with a hot station at 250◦C. The use of contact heat-
ing between solid bodies for mould rapid heating is constrained by
several physical limits of the heat conduction process. Since heat con-
duction is a diffusion process, penetration of heat into a thick section
is a slow process. For complex shell geometry, additional concerns
are on the uniform contact between the contacting bodies. For these
reasons, contact heating is suitable for thin shell moulds with sim-
ple geometries and high thermal conductivity. Passive heating of the
mould surface by the incoming polymer melt may be considered as
one special case of contact heating. In this case, the major mechanism
for heat transfer is also heat conduction. A practical solution is to
incorporate an insulation layer at the mould surface, as exemplified
in the literature [23, 49]. If a metallic surface is needed, as in compact
disk moulding and micro moulding, a separate metallic stamp with
microstructures can be placed over the insulation layer and heated by
passive heating. In general, the mould surface temperature rise due
to passive heating is moderate; however, a proper use of this effect
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Figure 1.23: The basic composition of ULPAC cavity and core block
(a) (b)
Figure 1.24: Thermal behaviour of the metal surface layer in varying (a) its
thickness and (b) the thickness of the insulation layer
can result in a significant delay of the frozen layer formation, thus
improving the moulding quality. Iwami et al. [50] developed an in-
jection mould system with an insulated thin metal cavity surface and
a release-functioning core surface, as shown in Figure 1.23. Immedi-
ately after mould-filling under a low pressure such as one third of
that in conventional moulding, the cavity surface rapidly increases in
temperature to develop wettability and adhering, while the resin on
the core side is released and migrates toward cavity side to compen-
sate the surface shrinkage. Before deciding a proper ULPAC-cavity
block, simulations for the thermal behaviour of ABS melt and metal
surface was performed under variable parameters using a simulation
software Figure 1.23.
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Figure 1.25: Composition and structure of RHCM systems with steam heat-
ing
1.5.8 Convective heating
The convective medium (oil, liquid or heated gas) imposes a convec-
tive heat flux at the fluid–solid interface. The heated fluid may be
circulated inside the mould or directly introduced to the mould sur-
face from the mould cavity. The internal convective heating method
is the most common method of controlling mould temperature in the
traditional injection moulding industry. Some earlier efforts in mould
rapid heating and the earlier version of the variotherm mould heating
process [51] were based on this method. In internal convective heat-
ing, heated oil has been the most widely used heating medium. But
the reported heating response in these systems was quite slow, typi-
cally needing more than several minutes to achieve a 100◦C change
of temperature. In order to overcome the limited heating tempera-
ture of oil, hot air and steam can be used. In particular, the steam
heating method has recently generated some interest in the industry.
An example of an RHCM system with steam heating is illustrated in
Figure 1.25. It consists of a steam system, a coolant system, a valve
exchange unit, a control and monitoring unit, an injection moulding
machine, a steam-heating mould.
Conventional machining like CNC drilling can be used to make
straight channels. But this technology doesn’t allow producing com-
plicated channels in three-dimension, especially close to the wall of
the mould. An alternative method that provides a cooling system that
conforms’ to the shape of the part in the core, cavity or both has been
proposed. This method utilises a contour-like channel, constructed
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Figure 1.26: An example of RHCM mould with conformal cooling channels
as close as possible to the surface of the mould to increase the heat
absorption away from the molten plastic Figure 1.26.
The RHCM technique with electric heating and coolant cooling is
the most widely used system in the injection moulding industry. For
RHCM, the heating and cooling system design of the electric-heating
moulds are of great importance because they have a decisive influence
on the moulding cycle and the part quality [52–54]. Figure 1.27 gives
the schematic cavity structure of a typical electric-heating mould. For
the cooling system, the diameter, Dc , of the cooling channel is about
6–8 mm. Considering the factors of the mould strength and the cool-
ing efficiency, the distance, Hc , from the centre of the cooling channel
to the cavity surface and the pitch, Pc , between adjacent cooling chan-
nels are, respectively, 3–4.5 times and 2.5–3.5 times of the diameter of
the cooling channel. For the heating system, the diameter, Dr , of the
heating rod is about 4.5–6.5 mm. The distance, Hr , from the centre
of the heating rod to the cavity surface and the pitch, Pr , between
adjacent heating rods are, respectively, about 1–1.5 times and 2.5–3.5
times of the diameter of the heating rod. During the heating pro-
cess, the empty cooling channels can improve the heating efficiency
by retarding the heat loss. Before heating, the remaining water in
the cooling channels of the mould must be drained out. In order to
achieve a good heating effect, the clearance between the heating rod
and the wall of the mounting hole in the cavity or core should be
smaller than 0.05 mm. Xi-Ping Li et al. [55], proposed a strategy
for optimizing the distances between the neighbour heating channels
in order to achieve a uniform temperature distribution on the cavity
surface.
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Figure 1.27: The schematic cavity structure of a typical electric-heating
mould
However. the temperature profiles of conventional channels show
local differences, which cannot be avoided. This problem has been
solved with the new ball-filled (BF) mould, developed by the Kunststoff-
Institut Lüdensheid, Germany. Figure 1.28 shows the schematic struc-
ture of the innovative ball-filled mould. It utilizes the entire area be-
hind the cavity for homogeneous heating and cooling. This provides
for efficient flow through the cooling area, thus affecting the cavity’s
surface very directly. A cooling process fitting closely around the con-
tours with simultaneous high water flow rates can be achieved. Only
those parts of the mould that are close to the cavity are heated, which
ensures extremely fast and energy-efficient heating and cooling pro-
cesses. BFMOLD TM ® can be integrated in the mould for a wide
range of moulded parts, but can also be used selectively, restricted to
critical parts of components. Both conformal channels and ball filling
allow rapid and uniform heating of the cavity and provide mechani-
cal support to contrast high injection pressures. However, conformal
cooling channels are expensive to produce while ball-filled slots can
be realized only for parts with plane geometry.
The BFMold system stems from the idea of locating a wide pocket
behind the mold cavity and close to it in order to rapidly heat and
cool the mold surface without impairing the mold integrity. However,
from the thermal exchange point of view, the balls do not concur to
the heating of the cavity, in fact the contact between balls and cav-
ity plane takes place only in the contact areas which are created by
the local elastic deformation. Otherwise, they disturb the water flow
causing local instabilities depending on the flow rate. Moreover, due
to the lowest surface/volume ratio, the balls have an high thermal in-
ertia which is a disadvantages from the energetic point of view. The
idea of replacing the balls with a foam aluminum insert was born
from Fiorotto et al. [5]. It is very innovative since it satisfies many of
the requirements needed for this application. The metallic foams, be-
30 introduction of rapid heat cycle moulding technology
Figure 1.28: Schematic view of the BFMOLD TM technology principle
Figure 1.29: Mold with the alluminum foam inserts
sides the advantage of supporting the mold plate, they are involved
in the thermal exchange. A further benefit is the low thermal inertia
which is approximately negligible. The metallic foam solution has
been used widely in aerospace field, where the thermal exchanges
have to ensure an high efficiency combined with a low weight. The
heating speed obtained was remarkable, considering the limit of this
technology. In Figure 1.30 it is possible to see the mold cavity heat-
ing profile; in this case the a pressurized water flowed through the
aluminum foam at 130◦C, with an initial mold temperature of 60◦C.
Besides the thermal improvements, the realization of a mold equipped
with aluminum foam is also easier. A bulk of metallic foam can be ma-
chined by tooling machine in order to obtain a defined shape, there-
fore, unlike from the BFMold technology, it is possible to use this kind
of inserts for any shape, obtaining a conformal and three-dimensional
structure. However, for this kind of application, the limit is the me-
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(a) (b)
Figure 1.30: Mold temperature response: (a) temperature profiles (b) tem-
perature distribution
chanical resistance [21]. Their elastic modulus is low and, due to their
shape, they have several location of stress concentration. Therefore,
it is understandable to expect a low static and dynamic mechanical
resistance for this solution.
1.5.9 RHCM technology summary
Figure 1.31 summarizes the RHCM technology presented in the pre-
vious chapters [11]. In this table are reported the different technology
usable nowadays for rapidly heat and cool the molds. A brief analysis
has been carried out for each technology, even though the complexity
of the system and the applications variability make this rigid classifi-
cation less useful.
32 introduction of rapid heat cycle moulding technology
Figure 1.31: RHCM technology summary
2
I N J E C T I O N M O L D I N G O F F I B E R R E I N F O R C E D
M AT E R I A L S
2.1 mechanical properties of fiber reinforced materi-
als
Recently, the composite materials have been widely studied both
from academic and industrial point of view, due to their advantages
such as machinability and high specific mechanical performances
combined with low costs. Using fibers, as additive, allow the increas-
ing of mechanical properties such as stiffness and resistance. How-
ever, the injection molding process, which is the most used technol-
ogy for producing composite materials, leads to a significant fiber
breakage during the process, impairing the mechanical effect. The
fiber reinforced thermoplastic polymer can be classified in two cate-
gories, depending on their aspect ratio:
• Short fibers, if the average residual fiber length is lower than
1mm;
• Long fibers, if the average residual fiber length is within the
range 1-25mm.
The usage of short fiber reinforced polymer materials hardly be-
come established in industrial applications, due to their low value
added compared with the neat materials. To overcome this limitation
and to satisfy the market demand, long fiber reinforced thermoplas-
tics (LFT) have been developed. They bridge the gap between the
composite materials with short fibers and continuous fibers, obtain-
ing better mechanical properties than the short fiber filled materials
but still maintaining the property of being injection molded. How-
ever, the fiber breakage which occurs during the injection molding
process prejudices the final result. The long glass fibres have an initial
length of typically 10-12 mm, but almost all the fibers are broken be-
fore their freezing in the final part, among the polymer matrix. Deep
studies, concerning the fiber length influence on mechanical perfor-
mances of fiber reinforced polypropylene, have been carried out by
Thomason [56–61]. In particular, in [60] different fillers have been
tested from mechanical point of view: short fibers with a diameter
of 14 um and 19 um; long fibers with an initial length of 12.5mm
and a diameter of 19 um, denominated respectively SF14, SF19, LF19.
Besides the fillers type, their concentration was also varied between
10% and 50% of weight. Figure 2.1 shows the results obtained for
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Figure 2.1: Residual fiber length versus fibre content
the residual fibers average length as a function of their concentration.
It is evident that the composite LF-PP allow to obtain longer fibers
in the final parts, compared with the SF-PP. However, the higher the
concentration the lower the residual fiber length, regardless the fibers
dimension. This behaviour is due to the higher interaction which
occurs for higher concentrations of fibers.
Figure 2.2 describes the results obtained for the elastic modulus,
where it is possible to note an approximated linear relation with the
fiber concentration. Conversely, only a slight improvement was de-
tected by using long fibers rather than short ones because the tensile
elastic modulus is mostly influenced by the fibers and the matrix elas-
tic modulus, the fibers concentration and their orientation rather than
their residual length. Concerning the tensile resistance, it is increased
for longer fibers, even though the fibers orientation was decreased.
These effects give an opposite contribute actually hiding the benefits
of longer fibers on mechanical properties. Figure 2.3 shows that the
tensile strength has not the same trend of the elastic modulus, oth-
erwise the ultimate tensile stress decreases continuously for higher
concentration of fibers. Anyway, the images show that the reinforced
material performances are definitely higher than the neat matrix.
As far as the impact resistance is concerned, the notch shape influ-
ence on impact resistance seems to be negligible comparing the Izod
and the Charpy tests. Analyzing Figure 2.4 and Figure 2.5, it is pos-
sible to see that the higher the concentration the higher the impact
resistance in particular for long glass fibers.
More recently, some studies of Thomason were focused on relations
between structure and performances regarding long fiber composites
with a percentage of fibers between 0 and 75% [61, 62]. The main me-
chanical properties results are reported in Figure 2.6 which shows the
composites behavior in terms of elastic modulus, tensile and impact
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Figure 2.2: Tensile Young’s modulus versus fibre content
Figure 2.3: Tensile strength versus fibre content
Figure 2.4: Notched Izod impact versus fibre content
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Figure 2.5: Notched Charpy impact versus fibre content
resistance normalized with the neat polypropylene performances. It
is possible to understand that, even though the elastic modulus grow
up almost linearly with the amount of fibers, the tensile strength and
the impact resistance show a maximum in correspondence with a
fiber percentage in the range of 40%-50%, whereupon their value de-
crease almost matching the neat polypropylene performances at the
73% of fiber content.
Plotting the mechanical properties trend as function of the residual
fiber length, it is possible to highlight two different plateau in cor-
respondence of short and long fibers. Therefore, above a threshold,
a further increasing of fiber length does not lead to an increasing of
mechanical properties.
This critical point is different varying the mechanical properties:
the composite stiffness reaches 90% of the maximum obtainable load
for a fiber length of 1 mm; for the tensile strength, a fibers length of
7 mm are needed to reach the 90% of the maximum obtainable load
while in order to maximize the impact strength the fibers should mea-
sure at least 16 mm. Therefore, it is allowed to define the concept of
critical fiber length, though it depends on the specific mechanical
property. One of the main important parameter affecting the mechan-
ical resistance is the interfacial adhesion between fibers and matrix.
The development of new additives and materials able to maximize
the interfacial resistance has been an interesting topic for many re-
searchers. Indeed, it enables the stress transfer from the matrix to the
fibers, enhancing the composite resistance. Moreover, the interaction
between fibers and matrix is different considering amorphous or crys-
talline materials. For the latter, the matrix morphology, the fibers sur-
face properties, the residual stress and the elastic modulus of fibers
and matrix play an important role regarding the fiber-matrix inter-
action which is also influenced by the processing parameters such as
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Figure 2.6: Normalized mechanical properties versus fibre content
Figure 2.7: Modelling of mechanical performance
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melt temperature, injection speed, cooling time, packing pressure and
time [63, 64]. Kumar et al. [65] have carried out several studies with
the aim of describing the residual fiber length and fiber content influ-
ence on mechanical properties of long fiber reinforced polypropylene
(LGFP). An additive (Maleic-anhydride grafted polypropylene) has
been used to increase the fibers adhesion and its concentration was
optimized by performing several tests of fiber pull-out. In this inves-
tigation an additive percentage of 2% was detected to be the optimal
amount for maximizing the interaction adhesion between glass fibers
and polypropylene. An injection molding campaign was carried out
in order to investigate the fibers length and the additive presence
influence on composite tensile strength. For this purpose, pellets
with fibers of different length (3, 6, 9 and 12 mm ) have been consid-
ered. Even though the composite mechanical properties are affected
by the final fiber length, which is lower than the initial pellet length,
in this work the correlation between the reinforced material and ten-
sile strength were done considering the initial fiber length. The aim
was determining the optimal initial pellet length for the conventional
injection molding process. In Figure 2.8 and Figure 2.9 it is plotted
respectively the composite tensile strength and the elastic modulus as
function of the initial fiber length and the additive presence. It is pos-
sible to see that without additive, increasing the fiber length there is
not a significant increasing of the tensile strength for the LGFP com-
posite. Whereas, by inserting the additive the longer the fiber length
the higher the tensile strength with an initial grow rate of 23%. As far
as the elastic modulus results are concerned, the analysis showed that
the stiffness is less influenced by the presence of the additive. Con-
versely, the fiber length affects positively the tensile modulus with
an initial grow rate of 10%. To conclude, for the injection molding
of glass fiber reinforced polypropylene, an initial fiber length of 9
mm provides the best performances in terms of mechanical proper-
ties since a longer fiber would not further increase the resistance due
to the deterioration phenomena which occur during the process.
2.1.1 Fiber degradation
Residual fiber length and fiber orientation are the main parameters
affecting mechanical properties of fiber reinforced injection molded
components, therefore a detailed understanding of structure and me-
chanical properties connection is needed. Concerning the fiber break-
age, in scientific literature, several studies are related to the mecha-
nisms which take place in the barrel and inside of the mold during
the plastification and the injection phase. In long fiber thermoplastic
injection molding, the initial fiber length is 10-13 mm but unlikely
it is possible to have fibers with this length in the final part. Even
though the fibers can break during any phase of the injection mold-
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Figure 2.8: Effect of feedstock fiber length on the tensile strength of compos-
ite
Figure 2.9: Effect of feedstock fiber length on the tensile modulus of com-
posite
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ing process, Bailey and Kraft [66] observed that a significant friction
take place before the injection phase, specifying that the most of fibers
breakage occurs in the nozzle and in the screw. The authors pointed
out that fibers with an initial length of 10 mm in a polyamide matrix,
are reduced to a length of 1 mm at the end of the injection process,
with an average fiber length of 1.6 mm at the nozzle outlet. A resid-
ual fiber length of 1 mm in the average, has also been observed by
Vu-Khanh et al. [67] where rectangular plates of PBT and PET with
a thickness of 6 mm were injection molded. Several works deal with
the studying of injection molding parameters influence on fiber break-
age such as: screw back-pressure, injection velocity, melt temperature
and nozzle design. On the whole, all the parameters which cause a
decreasing of the polymer shear stress induce a minor effect on fiber
breakage (high melt temperature, low back pressure, ecc.). An ex-
haustive analysis was carried out by Lafranche et al. [68]. Recently,
Chen et al. [69] have proposed an empirical model for reducing the
screw effect on fiber deterioration by investigating the screw geome-
try. That work was focused on the relation between pellets length and
screw diameter. However, the studies have also demonstrated that
most of the fibers are broken during the melt flow through the cavity
and the runner system. O’Regan and Akay [70] and La Franche et
al. [68] have studied the residual fiber length injection molding both
for a plate and a complex component. In particular, O’Regan and
Akay have also evaluated the difference between fibers length in the
core and in the skin positions as well as the fiber length degradation
along the flow path in the mold cavity which was almost the 30% in
some cases. In accordance with the studies of Bailey and Kraft, the
fibers length in the core position were longer than those in the skin
layer. This phenomenon has been explained considering the high
shear stress which affects the skin and the shell layers. The work of
Wang et al. [71] was aimed to study the shear stress effect on residual
fiber length and orientation for long fiber reinforced polypropylene.
A dynamic technique was proposed in order to force an oscillatory
shear stress on polymer melt during the packing phase. The results
show that, even the fibers were subjected to an higher orientation, the
induced shear stress causes a huge fibers breakage. It has also been
demonstrated that long fibers are more susceptible to fiber deteriora-
tion than short fibers. An example of the relation between residual
fiber length and shear rate is shown in Figure 2.10 and Figure 2.11
were the filling of a central gate disk was simulated with the software
Moldex3D [72]. It is evident that there is a proportionality between
shear rate and fiber length. The average fiber length decreases con-
siderably near to the gate position where the shear stress was the
maximum.
Despite the high number of experimental works carried in litera-
ture about the fiber breakage, only few publications tackle the ana-
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Figure 2.10: Fiber length distribution (number-average fiber length) for
molding filling of center-gated disk
Figure 2.11: Shear rate distribution (number-average fiber length) for mold-
ing filling of center-gated disk
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lytical modellation of this phenomenon. Phelps and Tucker [73] have
developed one of the first quantitative models for predicting the fiber
deterioration which occurs in the runners system and subsequently
in the mold cavity during the injection phase. A similar model is
recently published by Durin et al. [74]. For big parts, where the struc-
tural resistance is critical, the residual fiber length simulation is fun-
damental to understand the variation of fiber length and orientation
through the components. The model assumes that a fiber is broken
when it is loaded with hydrodynamic forces, causing the fiber buck-
ling. However, during the polymer flow, the fibers are subjected to
many other contributes which could lead to their breakage. The con-
tacts between fibers, for example, could promotes the fiber flexure,
but also it could lead to the formation of an intertwinement which
could preserve the single fibers preventing their breakage. The Tucker
and Phelps model rely on the hydrodynamic forces which affects the
fibers, in fact it is composed by an equation which describes the fibers
total length conservation, combined with a fiber breakage ratio func-
tion based on fiber buckling due to the hydrodynamic forces. The
microstructure at any position within the flow is described by a dis-
crete approximation of the fiber length distribution. Chosen a finite
increment of fiber length 4l, and let li = i4l be a discrete length
value, i ranges from 1 to n. The function of fiber length distribution
Ni = N ∗ (li, x, t) is therefore, proportional to the number of fibers
with a length of li, per unit of volume, in the position x and at the
time t. The fibers length distribution is often summarized by giving
an average length value. Here one must be careful to distinguish how





The basic equation that governs the dynamics of the fiber length
distribution expresses how Ni changes when fibers break. To write
this equation we must define the rate at which parent fibers break,
and the corresponding rate at which new, shorter children fibers are
formed. The fibers, broken or intact, have to follow a conservation
low: balancing the decreasing of fibers with their increasing num-







Where Ni is the number of fibers with a length of li at the time t,
Pi *4t is the probability that a fiber of length li is broken between
4t. Rij4t is the probability that a fiber of length lj is generated
from the breakage of a fiber of length li (with lj<li). The new fiber
generation rate is determined by assuming that the breakage point
was distributed along the fiber with a gaussian profile.









Where Gnorm is the normal Gaussian probability density function
for the variable li with mean lk/2 and standard deviation Slk. The
variable S is a dimensionless fitting parameter that control the shape
of the Gaussian breakage profile. A small value of S corresponds to
a high probability of breakage occurring near the fiber center, while
a large S value distributes the probable breakage points more evenly
along the fiber length. The subsequent step was the development of
a constitutive equation able to provide the breakage rate Pi as func-
tion of flow conditions and fiber properties. For a single fiber, the









Where Cb is the breakage coefficient, γ˙max is the shear rate and the
force F is given by the Dinh Armstrong law [75], divided for the fiber






(− Dˆ : Aˆ) (2.5)
Where Dˆ and Aˆ are respectively the deformation velocity ten-
sor and the orientation tensor. The other variable are function of the
fiber and matrix properties, while ζ is the factor of drag. Consid-
ering a model which take into account the total material stress and
deformation is important in injection molding where the shear rate
profile varies considerably through the thickness. From the mechani-
cal point of view, a model which take into account the distribution of
fibers length is important particularly for tensile strength and impact
resistance. The model of Phelps and Tucker is employed for the fiber
length and orientation prediction in the software Moldflow and it
can be implemented in a conventional filling simulation. Figure 2.12
shows the fiber length calculated with the model for a circular cavity
with a centered gate. The fiber length distribution in each node has
been used for calculating the the average Lw. The obtained values
have been utilized to plot the boundaries in the figure. It is visible
that the fiber are longer in correspondence of the medium plane of the
cavity (z=0) due to the low shear stress and the minor accumulated
shear deformation in this zone. Going closer to the cavity surface, the
fibers became shorter due to high shear stress and shear deformation
accumulation. Finally, for the material adjacent with the mold sur-
face, the fibers there are rather long in fact the material which arrives
from the core position in the fountain flow, as soon as it touches the
cold surface it freezes almost instantaneously and it is not subjected
to high shear anymore.
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Figure 2.12: Contours of weight-average fiber length Lw versus position in
the mold cavity. Colorbar fibers Lw in mm. x measures dis-
tance along the flow path, starting just downstream of the gate.
z measures distance from the cavity midplane. the arrows indi-
cate the velocity profile at x=4cm
A quantitative comparison between the experiments and the pre-
dictions appears in Figure 2.13, which shows the average lengths as
a function of distance along the flow path. The predicted curves are
flat for x < 1.5 cm, because the fiber length calculations actually start
at this location, which is point A. Average fiber length (again, aver-
aged across the part thickness) initially decreases with flow length.
This is because fibers farther down the flow path have experienced
greater shear strains, and thus have had more opportunity to break.
The weight-average length decreases more rapidly than the number-
average length, because it is more sensitive to the number of very
long fibers, and these fibers are the most likely to break. Closer to
the end of the flow path both of the average lengths increase. This
is a result of the fountain effect, as discussed in connection with Fig-
ure 2.12. The model is quite a good fit for this experimental data,
though the changes in average fiber length are fairly modest in this
particular example.
The model just described is in good accordance with the experi-
mental data but it has the disadvantage of requiring a great deal of
computation. The fiber model tracks a discrete fiber length distribu-
tion (FLD) at each spatial node, and approximately 100 variables must
be computed at each node. This amount of computation is not practi-
cal for a computer-aided engineering tool. To overcome the computa-
tional cost issue, Vèlez-Garzia et al. [76] have studied a reduced order
model without impairing the simulation accuracy. The results calcu-
lated with the new model, have been compared with the experimen-
tal data obtained by injection molding a plaque of polyamide charged
with 40% of long glass fibers. The critical issue was determining the
number of variables to use in the model in order to achieve a reliable
residual fiber length prediction. The analysis of results showed that
a four variables model was representative for the prediction of the
fiber length average through the thickness. However, the local resid-
ual fiber length calculation can be carried out appropriately by using
eight variables.
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Figure 2.13: Experimental and predicted average fiber lengths as a function
of flow distance for sample AF3D. Predictions begin at point A
(x = 1.5 cm), using the measured length distribution there as the
initial condition
2.1.2 Fiber orientation
In injection molding of fiber reinforced thermoplastic, one of the main
challenge is the fiber orientation prediction since it directly affects
the physical and mechanical properties of the final part. The fiber
distribution through the thickness and along the flow path is a func-
tion of the mold cavity geometry and the injection molding parame-
ters. Several works in the scientific literature deal with the injection
molding parameters optimization for maximizing the performances.
Concerning short fiber reinforced thermoplastics, the fiber orientation
phenomenon has been widely investigated in literature [77, 78]. The
polymer flows through the mold cavity where the fibers are subjected
to shear and elongational stresses which cause their orientation induc-
ing the material anisotropy. Regarding the fiber reinforced materials
with long fibers, their interaction make difficult the orientation phe-
nomenon since the fibers mobility is reduced and their entanglement
prevent the orientation. However, either for long or short fibers, they
tend to organize through the thickness with a multilayer structure
typically induced by the injection molding process and the fountain
flow in particular. The orientation profile is symmetric as visible in
Figure 2.14 and it can be divided in the following layers:
• Skin: it is the layer directly in contact with the wall where the
fibers have not a preferential orientation. This behaviour can be
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Figure 2.14: Layering configuration of an injection molded plate
attributed to the fountain flow: the fibers close to the flow front
are pushed toward the cold surface where they freeze almost
instantaneously;
• Shell: here the flow induces a considerable fibers orientation
due to the high velocity gradient in the wall proximity;
• Core: in this layer the fibers are oriented perpendicularly with
the flow direction. In this position there is a low velocity gradi-
ent through the thickness.
In general, the relative thickness of these layers depends on the
cavity shape, its thickness and the process parameters. An interest-
ing work of Hine et al. [79] analyzed the fibers distribution (FOD)
and mechanical properties of two plaques injection molded varying
the processing parameters in order to obtain two different residual
fiber length. The plaques were called medium (average residual fiber
length= 0.92 mm) and long (2.54 mm). Two different conclusions
were drawn from this investigation:
• The main important is that FOD was independent from the
residual fiber length but rather from the mold cavity shape and
its interaction with the flow front;
• The fibers density was higher in correspondence of the core
layer, compared with the shell layer.
In parallel with the experimental approach, several studies are re-
lated with the fiber orientation prediction. A general assumption is
made in all the model implemented: a composite material can be con-
sidered as a mix of particles in suspension within a viscous vehicle
and subjected to possible hydrodynamic and mechanical interaction.
The suspension can be dilute, semi-concentrated or concentrated de-
pending on the occurring interaction:
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• In a dilute suspension the fibre will be never close to each other
and there are not interaction;
• In a semi-concentrated the hydrodynamic interactions become
significant;
• In a concentrated suspension, the fiber orientation become very
complex because there are both mechanical and hydrodynamic
forces between the fibers.
Jeffery [80] was the first which modelled the single fiber motion in-
side of an uncompressible fluid. Its model is applicable only for the
suspensions so diluted that any interaction between the fibers is neg-
ligible. However, the majority of the composite materials have a fiber
percentage in a range of 10% to 50% therefore they are considered
concentrated suspensions. Folgar and Tucker [81] have modified the
Jeffery model adding an element proportional with the velocity gra-
dient in order to consider the interactions between fiber and fiber in a
concentrated suspension. This element, called interaction coefficient
and indicated with Ci reduces the orientation degree compared with
the Jeffery equation, providing a result in line with the experimen-
tal observations. The model of Folgar Tucker (FT) have been widely





















• aij is the fiber orientation tensor;
• ωij is the velocity tensor and gamma is the deformation velocity
tensor;
• λ is a constant which is function of the particles geometry;
• Cl is the interaction coefficient between the fibers, a scalar pa-
rameter which is useful for calibrate the model with the experi-
mental data.
More recent researches have nevertheless demonstrated that the
fibers orientation in a concentrated suspension evolves slower than
that predicted by Folgar-Tucker. To solve this problem a further
model called RSC was developed [82]. It is based on the fiber orien-
tation reduction thanks to a scalar factor k, where K <1. The smaller
the factor the slower the tensor evolution with the flow. When k=1,
the RSC model matches the initial Folgar-Tucker model. Recently
Phelps and Tucker [83] have developed a new form of the RSC model
(denominated ARD-RSC) which takes into account the interactions
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(a) (b)
Figure 2.15: Measured and predicted FOD with the RSC model (a) and the
ARD-RSC model (b)
anisotropy and the fiber-fiber interactions using six model coefficients.
This model purely phenomenological allows the improvement of the
fiber orientation prediction in particular for long fibers. In the Hop-
mann study et al. [84] the model RSC and ARD-RSC are compared
to predict the fiber orientation on specimens made in long fiber re-
inforced polypropylene. From the experimental point of view, the
orientation was measured thanks to a tomographic analysis and sub-
sequently compared with the results obtained from the simulation
carried out with the software Moldflow. For the characteristic pa-
rameters, the default values were considered. The orientation tensor
through the thickness is visible in Figure 2.15. The coordinates are
defined as following: 1 for the flow direction, 2 for the trasversal
flow direction and 3 for the direction along the thickness. Figure 2.15
(a) and (b) compare the experimental results with the RSC and the
ARD-RSC models respectively.
The model ARD-RSC shows a better prediction of the orientation
tensor compared with the RSC, mostly concerning the orientation in
proximity of the cavity wall where the RSC model overestimates the
orientation along the flow direction. As far as the second tensor com-
ponent is concerned, both the models underestimate the orientation
in the flow orthogonal direction. Considering these results, the au-
thors suggest to calibrate the model parameters in function of the
utilized material.
2.2 fatigue behaviour of fiber reinforced materials
The long glass fiber thermoplastic (LFT) are often utilized in struc-
tural applications where they are subjected to cyclic loads, therefore
a fatigue characterization of these materials is becoming fundamental.
Several factors govern the fatigue behavior of fiber reinforced materi-
als, however, their influence is not detailed studied yet. In particular,
it is fundamental the prediction of the damage mechanisms which are
function of the residual fiber length and orientation, the matrix prop-
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erties, the fiber-matrix interfacial resistance and the test conditions.
The polymer fatigue resistance depends on the testing frequency, the
specimen deformation and the polymer matrix visco-elasticity. One
of the main issues in fatigue tests is the hysteresis heating due to the
viscoelasticity and the low conductivity of the polymer which leads
to an increasing of the specimen temperature and consequently to a
decreasing of mechanical properties. The hysteresis heating becomes
considerable for high loads and high testing frequencies when the
equilibrium temperature with the external environment is too high
for the material tested [85, 86]. For fiber reinforced materials, a fur-
ther source of heating during the fatigue tests is the creep between
fibers and matrix. Zago and Springer [87] synthesize the effects of the
average tensile stress, the frequency, the fibers content and the fiber
orientation using a Master curve obtained normalizing the average
tensile stress with the static ultimate stress for the same tested mate-
rial. The load frequency influence on fatigue resistance has been an-
alyzed by Bernasconi and Kulin [87] with a superimposition method
based on the correlation between the average stress applied and the
average increasing of temperature due to the hysteresis heating and
the strain rate [88]. A modification of Gerber equation was proposed
by Mallik and Zhou in order to consider the interaction between creep
and fatigue resistance by varying the loads; the tests were carried
out with a polyamide 66 reinforced with 33% of short glass fibers.
Besides the hysteresis effects, the decreasing of the elastic modulus
during the fatigue test is also caused by the fiber fracture, the fiber/-
matrix debonding, the matrix softening and its cracking [89]. Several
techniques have been involved to investigate the damage mechanisms
in short glass fiber reinforced materials. Initial works of Horst and
Spoormaker [90, 91], have carried out a fractography analysis on the
fracture surface of short fiber reinforced polyamide by using a SEM
microscope. The investigation pointed out that the damage starts
from the fiber ends and it propagates through the fiber-matrix inter-
face. The dynamic modulus variation during the fatigue tests, namely
the hysteresis stress-deformation slope, has been considered by many
authors by investigating the parameters describing the composite ma-
terial damage evolution [92–96]. Since the damages on composite ma-
terials are thermally activated and it is a dissipative process, a ther-
mographic technique using an infrared thermal images camera has
been widely used for investigating the composite damage [97–101].
Moreover, due to the microstructure complexity, and the damages dis-
tribution, micro-tomography (LCT) is an efficient instrument for the
damage characterization of composite materials subjected to cyclic
loads [102–105]. Cosmi and Bernasconi [106] highlighted the LCT ad-
vantages and disadvantages for characterizing the damages in short
fiber reinforced materials. During the fatigue life, several phenomena
occur simultaneously, therefore, a deep analysis of fatigue behaviour
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Orientation UTS[MPa] E [MPa] A%
(◦C) (mm/s) (mm) N/mm2
0 89.5 ±3.6 4607 ±114 6.47 ±0.73
30 75.6 ±2.2 3229 ±141 9.82 ±0.52
60 58.3 ±2.9 2468 ±70 9.97 ±1.85
90 53.2 ±4.2 2352 ±198 10.98 ±0.44
Table 2.1: Mean values (± standard deviation) of the tensile properties of
PA6 GF30 specimens extracted from plates at dfferent orientations
Figure 2.16: Tensile stress–strain curves for dfferent specimen orientations
needs the investigation of the interactions between these effects [88,
89, 107]. Bernasconi et al. [108], carried out a series of fatigue tests on
dog bone specimens obtained using a water jet technology for slicing
plaques of PA6 GF 30% made by injection molding. The specimens
have been cut by varying the angular direction in order to investigate
the fiber distribution influence on fatigue life. The tensile test results
are plotted in Table 2.1.
From the graph above, it is evident that the higher the orientation
angle the lower the ultimate tensile stress and the elastic modulus.
The fatigue test results are reported in Table 2.2 and in Figure 2.17.
As occurred for the tensile tests, from the double logarithmic graph,
it is understandable that the fatigue life decreases with the increasing
of the angle. The interpolation equation used is:
σmax = σf Nb (2.7)






Table 2.2: Values of the fatigue strength coeffient σf and the fatigue strength
exponent b of PA6 GF30 specimens extracted from plates at differ-
ent orientations
Figure 2.17: S–N curves for different specimen orientations; bright symbols
indicate test interrupted at 106 cycles (run-outs)
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Figure 2.18: Cyclic creep: stress–strain cycles; percent numbers indicate
the stage of specimen life at which the full cycles have been
recorded, with reference to the number of cycles to failure.
From Table 2.2 it is visible that σf decreases with the increasing of
the cutting angle following the same trend of the UTS. Conversely, the
value of b is almost constant, therefor,e the damage evolution seems
to have the same growth rate. During the fatigue tests, the authors
have tracked the hysteresis cycles detecting that they progressively
move at a constant velocity along the deformation axis during all
the fatigue test. The hysteresis cycles dimension and shape as well
as the maximum deformation are function of the applied load, the
maximum frequency and the environment temperature.
During the fatigue test, the specimen degradation has been asso-
ciated with the isolated crack nucleation and growing which are in-
terpreted as white lines visible on the surface (Figure 2.20). This
phenomenon is a diffuse mechanism of delamination which leads to
the global specimen fracture. These considerations are in accordance
with the fracture mechanism suggested by Horst [90]. According with
the model proposed by Horst, the fatigue failure starts with an initial
debonding between matrix and fibers due to the progressive interface
yielding which starts at the fibers end where the stress concentration
is maximized. When the micro-cavities propagate from the fibers
apexes to the interfaces, there is a load transfer from the fiber to the
matrix causing a matrix plastic deformation. The micro-cavities prop-
agation is hindered by polymeric chains which work like bridges be-
tween the crack surfaces similarly with the crazing formation in the
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Figure 2.19: Cyclic creep: maximum and minimum strain variation with
number of cycles (specimen orientation θ = 0 ◦; test conditions
σmax = 40 MPa, N f >106)
un-filled polymer. The specimen will break in a fragile way when the
cracks reach a critical depth.
During the tests, an increasing of temperature has been detected,
even though the temperature stabilized after some initial cycles. The
utilized frequency was 4 Hz, which is a compromise in order to avoid
the thermal failure risk but still performing a fast test. With the aim
of interpolating the tensile strength with the average angle of orien-
tation it has been used the quadratic equation of Tsai-Hill [100]. The
criterion has been applied assuming an unidirectional fiber orienta-
tion even though it is true only in the shell layer. The equation relates
the stress applied on normal direction σ1, with that one in orthogo-
nal direction σ2 and the stress τ12, with the relative ultimate tensile






























The good accordance between the experimental data and the Tsai-
Hill criterion has demonstrated that it is reliable for predicting the
ultimate tensile stress varying the angle between fibers and load.
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Figure 2.20: SEM micrographs of the fracture surface of a specimen oriented
at 0 ◦ showing the presence of micro-brittle and micro-ductile
areas
Figure 2.21: Interpolation of the tensile strength values by the Tsai–Hill cri-
terion
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σ1,u [MPa] σ2,u [MPa] τ12,u [MPa]
89.5 53.2 41.9
Table 2.3: Tsai-Hill parameters
σf σ1, f at σ2, f at τ12, f at
104 52.4 33.4 24.5
105 45.9 30.1 22.2
106 40.3 27.1 20.2
Table 2.4: Tsai-Hill parameters for the fatigue Tsai-Hill formula
The proportionality between fatigue life and UTS suggests a rela-
tion among the fatigue resistance and the specimen orientation from
the Tsai-Hill criterion. This realyion was proposed by Jen and Lee
[109]. The relation has been obtained by modifying the Equation 2.8
and considering the fatigue stress, its cycles number to failure and
the orientation angle. For a specific number of cycle breakage N f it is














Where the maximum loads set in the equation come from the fa-
tigue failure experimental data (N). The values of σ1, f at σ2, f at and
σ3, f at, as function of the breakage cycles number are reported in the
table below. In Figure 2.22 a comparison between experimental data
and the Tsai-Hill model is shown.
Despite the good fitting of the Tsai-Hill model with experimental
results, the criterion gave a better prediction of the static tensile be-
haviour compared with the fatigue resistance, due to the higher re-
sults variance occurred for the fatigue tests. However, this model can-
not be applied linearly for injection molding components because it is
very sensible with the layers thicknesses and the fibers orientation de-
gree. The possibility of using this equation is restricted for parts with
a constant core thickness and the same relative layers thickness per-
centage. In order to take into account of the core layer, Bernasconi et
al. have proposed a master curve S-N where the stress is normalized
with the UTS as visible in Figure 2.23.
This methodology is a general method and it is applicable only if
the UTS values are known. The authors concluded that, even though
the experimental results were interesting, these method is usable only
if the layer distribution is known. Meneghetti et al [110] have studied
the fatigue behaviour of fiber reinforced polypropylene under envi-
ronmental temperature. The material contained also a 42% of calcium
carbonate while two different fiber lengths were investigated: a short
fiber of 1 mm and a long fiber of 10 mm. The fatigue results could
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Figure 2.22: Interpolation of the fatigue strength values by the Tsai–Hill cri-
terion
Figure 2.23: Normalized S–N data with superimposed S–N curve of ISO 527
standard specimens
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Figure 2.24: Mechanical energy density per cycle vs number of cycles for
different test frequencies
be synthesized in a single scatter band by using the mechanical en-
ergy expended in a unit of material volume per cycle, W, evaluated
from the area of the hysteresis loops measured experimentally. The
hysteresis energy was seen to be almost independent on the applied
load test frequency in the range of 3–22 Hz as visible in Figure 2.24.
Figure 2.25 shows the hysteresis cycles trend for the investigated
materials by varying the load. Figure 2.26 shows the results of the
statistical analysis concerning the mechanical energy W varying the
materials and the loads conditions.
For metals, Ellyn [111] has highlighted that only a small percent-
age of the total energy per cycle, W, is stored as internal energy 4U
and it is the cause of material damage (dislocation movements, cracks
nucleation and propagation). The other energy percentage, Q, is ther-
mally dissipated producing the heating of the specimen during the
test. Ellyn underlines the difficulty of measuring the thermal dissi-
pation and assumes W, as the damage indicator. This approach has
been recently developed by Meneghetti [112] who showed that the
dissipated energy in thermal energy, Q, can be used as indicator for
the metal damage and short fiber reinforced polypropylene materi-
als [113]. Ellyn and El-Kadi [112] have proposed a criterion for the
fatigue failure of composite materials with unidirectional continue
fibers based on the elastic deformation density. Starting from the
experimental results, an accurate characterization of the composite
material is fundamental to understand how the dissipative energy is
accumulated during the fatigue life which is divided in: matrix crack-
ing, fiber/matrix delamination at the interface and fibers breakage.
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Figure 2.25: Characteristic hysteresis loops measured during the fatigue
tests
Figure 2.26: Mechanical energy density per cycle versus the number of cy-
cles for tested materials
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LFT UTS [MPa] Modulo di Young [GPa]
Longitudinal 113.8 ±14.3 6.5 ±1.0
Transversal 68.2 ±10.2 5.0 ±0.5
Table 2.5: Tensile properties of LFT
Figure 2.27: S-N curves for the longitudinal and transersal directions
The authors [110] suggested to use the energy deformation density
as an index of the whole damage mechanism. In accordance with
Ellyn [111], Tao and Xia [114] have considered the deformation dissi-
pated energy and the elastic deformation energy for summarizing the
fatigue data obtained from the tests. Goel et al. [115] have studied
the fiber distribution and the testing frequency on fatigue behaviour
of polypropylene charged with 20% of long fibers. Tensile specimens
were made by cutting plaques, in longitudinal and transversal direc-
tion, obtained by injection compression molding. The tensile tests are
reported in Table 2.5.
The results of the fatigue test, made with the specimens obtained
on transversal and longitudinal direction, carried out with a frequency
of 10Hz are reported in Figure 2.27.
The specimens cut along the longitudinal direction have an higher
fatigue resistance compared with the transversal one. Similar results
are obtained with the specimens tested at 15 Hz and 20 Hz. When
the curve S-N are normalized with the Young modulus the transversal
and the longitudinal fatigue curves are overlapped.
The frequency effect on fatigue life for longitudinal specimens is
visible in Figure 2.29. Increasing the testing frequency, the fatigue life
decreases independently from the fiber orientation.
The hysteresis thermal heating during the fatigue tests is a critical
issue for fiber reinforced polymers due to their low conductivity and
the effect of temperature on mechanical properties. The hysteresis
energy loss for long fiber reinforced thermoplastics tested at 20 Hz
increases rapidly in the initial phase during the test, while it reaches
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Figure 2.28: S-N curves normalized for the longitudinal and transersal direc-
tions
Figure 2.29: S-N curves for the longitudinal and transersal directions, vary-
ing the testing frequency
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Figure 2.30: Energy loss tested at different frequencies, varying the testing
frequency
the stabilization until the final breakage. Figure 2.30 shows the energy
loss in function of the cycle number at 20 MPa with a frequency of 10
Hz, 15 Hz and 20 Hz. In general, the higher the frequency the higher
the energy loss. The temperature trend of the specimens during the
fatigue test has also been investigated. The results show that the
heating rate increases for high loads and the same behaviour is shown
increasing the frequency. The hysteresis heating leads to a material
softening which causes a general decreasing of the elastic modulus.
The fracture surface analyzed with SEM has highlighted the failure
mechanisms which are involved in the LFT composite: fiber pullout,
fiber fracture and matrix cracking (Figure 2.31). This is mostly true as
more as the fibers are oriented along the tensile direction. A similar
behavior has been seen for the fracture surfaces obtained from both
tensile and fatigue tests.
For fibers longer than the critical value, the fiber breakage is the
dominant mechanism [116]. Conversely, the fiber pull out occurs
when the interfacial stress overcomes the adhesion between fiber and
matrix causing their debonding. The surfaces of most of fibers ap-
pear cleaned without particles stuck. An interesting result of Goel
et al [115] is the comparison between the fatigue resistance of neat
PP with a fiber reinforced PP. From Figure 2.32 it is visible that the
specimens made with LFT material tested at 20 Hz have a better per-
formance than the neat PP tested at 1 Hz. From Figure 2.33 it is worth
noting that a testing frequency of 1 Hz is enough to induce a material
softening in the neat PP while a frequency of 20 Hz do not lead to a
material softening for LFT.
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Figure 2.31: Fracture surface of the tensile specimen
Figure 2.32: A comparison of the fatigue behavior of LFT with unreinforced
PP
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Figure 2.33: Temperature rise in PP and LFT tested at 10 MPa and 20 Hz
There are mainly two causes of specimens heating: hysteresis heat-
ing due to the matrix type and frictional heating between fibers and
matrix.Figure 2.32 and Figure 2.33 show that the neat PP heats more
than LFT-PP meaning that the hysteresis heating is dominated by the
matrix viscoelastic heating.
In recent studies, Arif et al [117], have characterized the fatigue be-
haviour of PA66/GF30 subjected to a mono-axial load with a constant
amplitude. They employed a combined analysis of dynamic modu-
lus, cyclic creep, dissipated energy and temperature evolution during
the fatigue test. A tomographic analysis has also been carried out
to further investigate the failure mechanisms. In order to investigate
the anisotropy induced by the injection molding process, the authors
have analyzed the specimen morphology with a particular attention
for the skin-shell-core layers influence on damage mechanisms (Fig-
ure 2.34). The material was a PA66/GF30 and the specimens were
made by cutting some plaques obtained by injection molding.
Fatigue test were carried out considering the ratio R=0.1 and a fre-
quency of 3 Hz, an investigated range of 103 − 106 cycles, and check-
ing the specimens temperature with an infrared thermal camera. The
damage evolution has been qualitatively investigated by performing
a tomography at different fatigue life percentages. The longitudinal
specimens resistance was twice compared with the transversal spec-
imens. They have also demostrated that the S-N curves have both a
linear behaviour as occurred in other publications [108, 118, 119]. In
Figure 2.35 the monitored parameters are shown: the dynamic nor-
malized modulus, the maximum deformation and the average tem-
perature for the specimens obtained in longitudinal and transversal
directions. The dynamic modulus reduction has been used as an indi-
cator for the damage mechanism evolution [94, 120]. For all the inves-
tigated loads in this study, the normalized dynamic modulus shows
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Figure 2.34: Skin–shell–transition–core microstructure formation of
PA66/GF30 observed by lCT technique
a stable behaviour until 103 cycles whereupon it decreases with a cer-
tain velocity, depending on the applied load. Moreover, it is found
that the dynamic modulus reduction is directly correlated with the
specimens fatigue life. For both the specimens obtained in longitudi-
nal and transversal direction, the temperature evolution shows two
phases (Figure 2.35). Initially, the temperature is almost stable in ac-
cordance with the dynamic modulus behaviour. In the second phase
there is an increasing of the specimens temperature combined with
a dynamic modulus decreasing. This behaviour is explained consid-
ering that viscous heating is the cause of the temperature increasing
in the initial phase while a second cause of heating is added in the
second phase due to the damage mechanism.
Focusing on Arif et al. work [117], involving a computed tomog-
raphy analysis it is possible to evaluate the damage mechanisms di-
rectly inside the specimens subjected to cyclic loads. The damages
recognition is possible considering the growing up of black portions,
in the tomographic images, which correspond to a voids formation.
These voids are often observed in correspondence of the fiber/matrix
interfaces which can be attributed to the debonding phenomenon.
However, it cannot be assessed whether the local damage is adhesive
or cohesive from the investigation. Indeed, fiber/matrix interfacial
debonding depends on several parameters. Voids at fiber ends are
also observed in the loaded fatigue specimens, though it is not nec-
essarily involved in the fiber/matrix interfacial debonding. Few fiber
breakages have also been observed but it seems that this damage
mechanism is not dominant. This fiber/matrix interfacial debonding
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Figure 2.35: Evolution of normalized dynamic modulus (EN = E0 ), maxi-
mum strain (emax) and mean temperature (Tmax − Troom) (a) lon-
gitudinal and (b) transverse specimens during fatigue loading
of PA66/GF30. σu represents the ultimate tensile strength of its
respective orientation angles
is frequently observed in the fatigue loaded specimens and can be
considered as the main fatigue damage mechanism for PA66/GF30.
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3.1 injection molding of pet thin wall bottles preforms
Nowadays, the packaging industry promotes the thicknesses reduc-
tion in order to contain the material consumption and the plastic
weight of final products. Especially for some electrical connectors,
electric component packages and power supply items, manufacturers
design even thinner wall sections. These driving forces bring new
challenges to the conventional injection molding industry: how can
one successfully and economically injection mold long and thin parts?
One serious flaw of the conventional injection molding process is that
the filling process is coupled with the cooling process [121]. The diffi-
culty in molding ultra-thin wall parts lies in the fact that the ratio of
frozen layer thickness to part thickness during filling will drastically
increase with the decrease in part thickness. The problem becomes
worse, when the frozen layer thickness and the part thickness are
comparable. So, it is hard to fill cavities of ultra-thin wall parts under
the process conditions of conventional injection molding. It is dif-
ficult to select process parameters correctly because there are much
more complicated influence factors involved in ultra-thin wall injec-
tion molding than that in conventional injection molding [122, 123].
Even the bottles preform industry follows this trend upgrading the
development of thin preforms which lead to many problems during
the realization process. First of all, the thickness reduction causes
an increasing of the injection pressure in fact, considering a preform
with a thickness of 2.3 mm, the frozen layer adjacent at the wall has
a thickness of approximately 0.25 mm reducing the flow section. Fur-
thermore, if the mold temperature is too low, the material freezes
before the complete filling of the cavity, causing an incomplete pre-
form. Other problems can raise when the flow reaches the bottle
neck where, due to the small thickness of this part, the rapid increas-
ing of pressure is combined with an high shear stress in that position,
which could degrade the material. A common solution regarding the
injection molding of thin-wall bottle preforms is the increasing of the
injection speed in fact, the higher the injection velocity the lower the
front flow cooling. However, it leads to a further increasing of the
injection pressure and the material degradation. There are limits to
how thin a preform can be made before it becomes impossible or at
least economically unfeasible to injection mold [124]. An efficient so-
lution is the using of an injection-compression molding technology,
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which overcomes the issue of filling molds with very thin walls, by
having the molds slightly open when injection starts, and then clos-
ing them as dosing finishes. This means lower injection pressure can
be used, lower clamp force is needed (which has the additional bene-
fit of extending mold life), and there is less stress on the melt which
means acetaldehyde levels are reduced, and resin intrinsic viscosity
falls less. Using an injection compression moulding technology it is
possible to make a preform for a 500-mL bottle that weighs just six
grams. The system is particularly well suited to produce preforms for
bottles up to 1.5 L in volume, but can also be used for bottles up to 2.5
L. On top of all that, the equipment uses lower temperatures and 10%
less energy than an injection molding system with the same output
and it fits into much less space. However, the injection-compression
molding technology can be adopted if the injection machine is pro-
vided with the required equipment. In conventional injection mold-
ing technology, the most important process parameters that influence
the cavity filling are the temperatures of the mould and the melt. In
general, with increasing mould or melt temperature, the filling be-
haviour is favoured and an increasing aspect ratio can be reached.
In addition, the using of thermal low conductive mould materials or
a dynamic temperature control of the cavity can influence the cool-
ing velocity of the melt. This thermal effect can affects not only the
filling of the cavity but also the part morphology (e.g., degree of crys-
tallinity or orientations) and the mechanical properties (e.g., tensile
strength) [125]. Therefore, increasing the mold temperature allows
the injection molding of thin-wall preforms decreasing the maximum
injection pressure. However, being PET a crystalline material, an high
mold temperature could lead to the increasing of preforms crystalline
degree inducing a possible trouble in the subsequent blow molding
process and increasing the bottle opacity. Indeed, one of the desirable
characteristics of PET bottles is their transparency. Early crystalliza-
tion of PET during the injection-blow-molding process may, however,
induce haze or render the product opaque. The parameters that keep
the crystallization of the PET to a minimum during the manufactur-
ing process therefore must be determined and properly controlled
[126]. Thermodynamically, the crystalline phase is in a lower free en-
ergy state than the amorphous melt when the temperature is below
the equilibrium melting point [127]. The variations of the cold crys-
tallization Hc and the cold crystallization temperature Tc with the
mold temperature are presented in Figure 3.1. Hc decreases as the
mold temperature increases, indicating an increment of the degree of
crystallinity of the moldings.
The increment on Tw results in an increase on the degree of crys-
tallinity of the moldings (revealed by the reduction of the enthalpy
of cold crystallization), and in the reduction of the global level of
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Figure 3.1: Variation of the enthalpy of cold crystallization, 4Hc and peak
temperature, TC with the mold temperature, Tw
amorphous molecular orientation (as assessed by the decrease on the
percentage of hot recoverable strain) [128].
3.2 producing of pla components : crystallization and
mechanical performances
Increasing concerns over the environmental impact and sustainabil-
ity of conventional polymer materials have motivated academia and
industry to devote considerable efforts to the development of poly-
mers from renewable resources. Among a few commercially available
biobased or partially biobased thermoplastic polymers, Poly(lactic
acid) (PLA) has undergone the most investigation [129]. PLA is a
versatile polymer made from renewable agricultural raw materials,
which are fermented to lactic acid [130]. PLA belong to the family
of aliphatic polyesters commonly made from α-hydroxy acids, which
include poyglycolic acid or polymandelic acid, and are considered
biodegradable and compostable [131]. Homopolymer PLA can be
processed into fibers, textiles, films, and molded objects with stan-
dard polymer processing equipment. Its initial uses were for medical
and dental applications due to its biocompatibility and biodegradabil-
ity. More recently, however, its usage has extended to packaging ma-
terials for food and consumer goods; applications in which the poly-
mer film is typically discarded after use[132]. PLA is an enantiometric
polyester including poly(L-lactic acid) and ploy(D-lactic acid). Fully
amorphous materials can be made by the inclusion of relatively high
D content (> 20%) whereas highly crystalline material is obtained
when the D content is low (< 2%) [133]. The amount of D-enantiomer
is known to affect the physical properties of PLA, such as melting tem-
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perature, degree of crystallinity and mechanical properties. However,
for practical applications of PLA, it is required to improve the proper-
ties, such as material degradation, flexural properties, heat deflection
temperature, gas permeability, impact toughness, etc. [134]. With
the aim of improving the mechanical performances of PLA, a partic-
ular attention is given to plasticization as well as to impact resistance
modification of PLA in the case of (reactive) blending PLA-based sys-
tems [135]. A multiphase blends of PLA, ethylene-methyl acrylate-
glycidyl methacrylate (EMA-GMA) terpolymer, and a series of renew-
able poly(ether-b-amide) elastomeric copolymer (PEBA) were fabri-
cated by Zhang et al. through reactive melt blending in an effort
to improve the toughness of the PLA [136]. Conversely, excellent
stiffness-toughness balance was achieved by ternary of PLA, PHBV
and PBS [137]. Saejdlou et al. blended a PDLA in low concentra-
tions with PLLA to produce a stereocomplex and a rheometer test
was carried out to simulate melt processing conditions: differences in
rheological characteristics of asymmetric PLLA/PDLA blends as com-
pared to neat PLLA were associated to the structural changes happen-
ing because of the formation of the stereocomplex [138]. An increase
in PLA’s total percentage crystallinity can effectively improve HDT,
stiffness and chemical resistance. Due to high crystallization half time
resulting from the slow crystallization rate of PLA, obtaining an injec-
tion molded article with high crystallinity remains a challenge. There-
fore, to obtain a molded component with increased crystallinity and
maximized mechanical properties and physical performance, Srithep
studied the effects of annealing time and temperature on the crys-
tallinity of poly(lactic acid) (PLA) which have been demonstrated
to be critical in increasing glass transition temperature and storage
modulus [133]. Injection molding parameters were investigated on
mechanical performance of impact-modified poly(lactic acid) (PLA):
molding with a mold temperature of 30 ◦C versus 90 ◦C the elonga-
tion and the impact strength is improved while the polymer becomes
very amorphous [139]. The overall crystallization rate and final crys-
tallinity of PLA were controlled adding physical nucleating agents as
well as optimizing the injection molding processing conditions. Talc
and ethylene bis-stearamide (EBS) nucleating agents both showed
dramatic increases in crystallization rate and final crystalline content;
isothermal crystallization half-times were found to decrease nearly
65-fold by addition of only 2% talc [132]. Nagarajan et al. investi-
gated the effects of varying the processing parameters and addition
of various nucleating agents. With the addition of 1 wt% aromatic
sulfonate derivative (Lak-301) as a nucleating agent at a mold tem-
perature of 110 ◦C, PLA biocomposites exhibited dramatic reduction
in crystallization half time to 1.3 min. Mechanical and thermal prop-
erties assessment for these biocomposites revealed a 4-fold increase
in impact strength compared to neat PLA. The HDT of PLA biocom-
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posites increased to 85 ◦C from 55 ◦C compared to neat PLA [140].
Several other additives have been used in literature with the aim
of improving mechanical properties of PLA such as EBH crystal nu-
cleating agents [141], cyclodextrin (CD) and calcium carbonate [142].
Noticiable mechanical improvements were reached mixing PLA with
natural fibres such as man-made cellulose and abaca fibres [143], mi-
crofibrillated cellulose (MFC)[144, 145]. The progress which has de-
veloped recently in the field of nanoscience and nanotechnology has
given a unique opportunity to develop revolutionary materials which
overcome the typical performance compromises of the conventional
materials by benefiting through a synergism occurring between com-
ponents below certain dimensions [146]. For instance, Zhou and Xan-
thos had studied the influence of unmodified and organomodified
clays at 5 wt% content to the material degradation rate [131]. The
effect of clay and chain extender on the nonisothermal, isothermal
crystallization kinetics, and morphology of polylactide (PLA) was in-
vestigated by Najafi et al. [147].
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In the chapter 1, a first solution was briefly introduced to achieve
the molding with rapid variation of temperature in the mold based
on the realization of a single circuit, supplied with pressurized wa-
ter, in which two metal foam inserts were placed behind the mold
cavity, with the purpose of increasing the thermal flow and decrease
the heating and cooling time. This solution, extensively described in
the previous chapter, was the starting point for the development of
the present work. The replacement of these inserts, made with metal
foams, with a new ones in order to improve the cavity heating rate
and the mold stiffness is the base idea of this work. This chapter de-
scribes all the activities carried out from the formulation of the prob-
lem up to the definition of the prototype geometry. The optimization
procedure has required an intensive use of advanced simulation tools,
to obtain a reliable result from the thermo-fluid-dynamic and the me-
chanical simulations. The modeling strategy adopted was based es-
sentially on two stages. A first one aimed to define a mold geometric
configuration based on a simplified numerical model with the goal of
making a first prototype with optimized performances. The second
step involved the definition of a detailed model. The fluid dynamic
model, in particular, has been scheduled in order to allow the rapid
variation of numerous parameters concerning the materials thermal
properties, the boundary and the initial conditions. This procedure
allowed the experimental model validation by calibrating the model
parameters, creating a reliable tool for the thermal simulation of the
mold heating and cooling.
4.1 mold with metal foam
The mold provided with metal foam inserts is visible in Figure 4.1.
The inserts are placed as close as possible to the mold cavity with the
aim of reducing the thermal inertia between the cavity surface and
the circulating fluid. The disadvantage of this solution is the fact that
the inserts are subjected to an high compression loads caused by the
injection pressure.
In the work carried out by Fiorotto et al. [4], the mold has been
structurally verified for the stress due to the injection of ABS, the
clamping force of the machine and especially the temperature gra-
dients induced by the thermal cycle imposed. In doing this, the
metal foam insert was considered as continuous, homogeneous and
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Figure 4.1: Schematic structure of the RHCM mould with metallic foams
isotropic solid. It is believed that this result is not reliable, due to
excessive approximation that is committed to consider the foam as a
continuous. This choice might be acceptable for the global deforma-
tion point of view, however it is inaccurate regarding the local stress.
Considering the structure of metal foams, there is a substantial local-
ized stress concentrations when a compression load, even constant,
is applied from the outside. Since the stress is a local variable by
definition, the value obtained by this simulation is therefore mean-
ingless as well as inaccurate for the structural verification. There are
numerous examples in scientific literature that demonstrate the need
of considering a smaller scale in the calculation of cell type structures
Figure 4.2 to correctly predict the structure failure [21, 148, 149].
In any case, even assuming reliable the result, the development of
a new mold with higher rigidity is needed. Furthermore, it has to
be considered that the width of the insert in the mold is quite small
therefore, the most load percentage is supported by the cavity plate
(Figure 4.1), due to the low stiffness of the foam. If the geometry of
the object was more extended, the load supported by the foam in-
sert would increase. Even though the structural resistance of metal
foam inserts is unsatisfactory, their heat exchange efficacy has been
proven in several domains. As regards the injection molding with
rapid variation of temperature, it is documented in [4] the result of
heating simulations starting from a mold temperature of 60 ◦C with
the hot water at a temperature of 130 ◦C, compared with the experi-
mental data carried out with the same conditions. The results, visible
in Figure 4.3, show a certain discrepancy between the heating curves,
especially in the initial section.
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Figure 4.2: Titanium scaffolds following experimental testing and corre-
sponding FEA results
Figure 4.3: Aluminum foam inserts: comparison of the temperature history
between experimental data and simulation results
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The average experimental heating rate in the first 10 seconds is 2
◦C/s. Which is a rather low value when compared with other RHCM
technologies.
4.2 objectives definition
The objective of this work was the development of a new porous in-
sert solution with a defined geometry (non-stochastic) in order to
achieve the requested stiffness resistance and further enhance the
thermal exchange between the mold cavity and the circulating fluid.
To achieve a comparable result with the previous solution, it was de-
cided to work on the same mold used by Ing. M.Fiorotto [4]. The
only variation concerns the realization of a new plate for the molding
of testing specimens as described in the following sections.
4.3 porous inserts with a labyrinth geometry
4.3.1 Formulation of the idea
The greatest benefit of metal foams is undoubtedly the high sur-
face/volume ratio, which allows to supply an high thermal power
with a negligible iniertia. However, the metal foam has a relevant
problem concerning the contact area between with the mold plate
which is extremely reduced. The thermal flow, removed by the metal
foam inserts from the water, is limited by the high thermal contact
resistance with the cavity plate. Consequently, the overall exchange
coefficient between the water and the cavity surface is heavily penal-
ized. In proposing a new solution the following goals are proposed:
• Increasing contact area between the insert and the plate to be
heated;
• Maintain an high surface/volume ratio;
• Increased exchange surface between water and insert;
• High stiffness and resistance to compression loads;
• Feasible technological solution.
The idea proposed here is born looking for an alternative technol-
ogy for the realization of the insert. The porous inserts manufactur-
ing method consists in realizing a geometry labyrinth by overlapping
metal sheets with square holes made by laser cutting. Arranging the
metal sheets it is possible to obtain a labyrinth structure of channels
through which circulate the pressurized water as visible in Figure 4.4
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Figure 4.4: Labyrinth porous inserts generation
solution potentiality The realization of the insert, overlap-
ping few metal sheets, allows a greater geometric freedom compared
with other technological solutions. In fact, there are numerous de-
grees of freedom that can be handle: the shape and size of the holes,
the thickness of the sheets and the reciprocal arrangement of the dif-
ferent layers. Even though additive manufacturing technology would
be the best solution from this point of view, managing appropriately
all these parameters, it becomes possible to realize a high number of
different geometries. The insert can be designed in order to obtain a
high surface-volume ratio without impairing the stiffness, to manage
the contact surface between the insert and the mold plate and create
an efficient water path through the mold. Moreover, this method of
producing porous inserts is fast and cheap. The time needed for the
realization of an insert with a selective laser melting is much longer
than that one needed to obtain the metal sheet by laser cutting reduc-
ing also the purchase costs.
possible issues to take into account Besides the numer-
ous benefits of this solution, there are some weak points which have
to be taken into account, both from the technological and the func-
tional point of view.
Regarding the first aspect, there are some geometric constraints
which arise from the sheets manufacturing by laser cutting. Consid-
ering Figure 4.5 it is reasonable to believe that there is a minimum
distance between the holes beyond which the part overheating could
occur due to the passage of the laser beam. There is also a limit on the
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Figure 4.5: Geometry of a single metal sheet
sheet maximum thickness, still related to the overheating caused by
the laser beam. With regard to the functional aspect, the main issue
concerns the reduction in heat exchange power because of the ther-
mal contact resistance between the various laminates and the mold
plate.
4.3.2 Design strategy definition
mold constrains The design strategy is based on the initial
mold constrains. The porous inserts, for example, have to be collo-
cated in place of the metal foam, therefore their overall dimensions
were already defined. In particular, the insert is a parallelepiped with
the base dimensions of 33 x 90 mm and height of 20 mm. The tem-
perature control unit available was a Wittmann Tempro Plus 180 D
Vario, a thermoregulator with double circuit equipped with a pneu-
matic valve group. The pressure drop and the flow rate were function
of the pump characteristic curve therefore there was a limitation con-
cerning the maximum flow rate available. Concerning, the geometry
of the cavity plates, the whole thickness of the cavity plate was 9 mm
while the part thickness was 4 mm. Therefore the distance between
the inserts and the cavity was 5 mm. The determined variables were:
• Shape and dimensions of the new cavity;
• Dimensions of the new porous inserts, particularly the metallic
sheet thickness and their hole geometry;
• Porous inserts and plates materials;
• Positioning of the thermocouples for controlling the mold tem-
perature.
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project methodology Due to the fact that some important pa-
rameters of the problem, including the water flow rate, which de-
pends on the inserts geometry, were unknown initially, it was de-
cided to divide the work two distinct phases. In the first one a series
of fluid-dynamic simulations were performed considering a simple
model of the system. The geometric parameters were varied within a
reasonable range of values with the aim of obtaining a first response
surface in terms of cavity mold heating rate. This initial analysis al-
lowed the definition of the best porous inserts geometry, among the
investigated range, which maximized the mold heating. Once the
prototype was made, the second step took place. The goal of this
phase was the validation of the numerical model through a detailed
comparison with the experimental tests.
4.3.3 First phase: porous inserts geometry optimization and mold design-
ing
mold geometry generation The first aspect regards the cav-
ity shape, indeed once the mold was made, it has been used for a
subsequent experimental campaign which will be explained in the
chapter 5. For this purpose a mirror finishing was obtained for mold
surface. The mold cavity was made by overlapping two plates. The
first, with a thickness of 5 mm, has been mirror-polished on both
faces, while on the second plate, with a thickness of 4 mm, two rect-
angular pockets have been obtained by laser cutting for obtaining the
mold cavities as visible in Figure 4.7.
mesh generation As mentioned above, the model mesh was
calculated using ICEM CFD. The need to perform the calculation of
the mesh for each design point has suggested the use of an automatic
algorithm that can be applied to generate the mesh of each geometry.
The input parameters settings for the mesh generation were evaluated
through some preliminary analysis in order to understand the model
sensibility with the mesh size. Once that a reliable mesh size was
defined, the mesh was generated as visible in Figure 4.6.
porous inserts geometry selection As already advanced
before, the porous inserts are made by overlapping two different
metal sheets. Both the metal sheets are designed with a series of
square holes "L". The two types of metal sheets have the same holes
geometry but they are assembled misaligned along the water flow
direction by a distance equal to half of the square hole. Doing so a
labyrinth shape was obtained by overlapping alternatively these two
metal sheets. The dimension parameters considered as design vari-
ables and their ranges are:
• The side holes (from 2.5 mm to 5 mm);
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Figure 4.6: solids meshing for CFD simulation
Figure 4.7: The RHCM mold assembly
• Sheet thickness S (from 1 mm to 5 mm).
The minimum distance between the holes "t" was assumed as con-
stant and fixed to 1 mm in order to allow the laser cutting of contigu-
ous holes. As regards the model assumptions, they are summarized
below:
• The porous inserts were considered as a bonded solid, neglect-
ing the thermal contact resistance between the overlapped sheets;
• The water flow was assumed turbulent;
• In order to reduce the mesh computation it was needed to con-
sider the solid as symmetric;
• For the same reason, only a section of 20 mm was chosen to
carry out the simulation as shown in Figure 4.8
cfx model setting The simulation conducted for each type of
geometry lasts a transitional period of 2 s in which the flowing water
temperature was 420 ◦K, with an initial mold temperature of 295 ◦K.
The fluid domain, in the inlet and outlet regions, has been extended
in order to remove the influence of the porous inserts shape on the
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Figure 4.8: Solid domain considered in the first simulations campaign
Figure 4.9: Model boundary conditions
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DOMAIN: WATER
Inlet Inlet Qm = 0.05Kg/s; T = 420K
Exit Opening p= 400000 Pa
DOMAIN: Mold
Environment Wall HTC K = 10Wm2K−1; Tenv=295K
Table 4.1: Model boundary conditions
DOMAIN INITIAL CONDITIONS
WATER T=420 ◦K; p=400000Pa; U,V,W=0m/s
MOLD 295 ◦K
Table 4.2: Model initial conditions
local flow condition which could result in a lower simulation accuracy
(Figure 4.9).
The walls of the extended domain have been imposed adiabatic and
frictionless, so as to ensure on one hand the constancy of the water
temperature until the mold inlet and on the other hand an uniform
flow distribution through the section. Symmetric conditions were
applied in all the surfaces lying in the introduced plane of symmetry.
The main initial and boundary conditions imposed on the model are
shown in Table 4.1.
It is also notable that the domains initialization has been made
neglecting the real phenomena description, in fact, it has been con-
sidered that the water instantaneously fill the porous insert and the
real mold temperature distribution has not been considered. How-
ever, this choice was not influent concerning the porous inserts geom-
etry optimization because it deals a relative comparison between the
results. Moreover matching the initial conditions in each geometry
analyzed, ensure a reliable results understanding.
analysis of results and porous inserts geometry defini-
tion Thanks to the CFX software interface it has been possible to
determine the temperature distribution along the mold surface at the
end of the transitional time. The response variable chosen to ther-
mally compare the different porous inserts geometries solutions is
the maximum temperature in the cavity reached after 2 seconds. The
results are shown in Table 4.3
The results can be summarized with the response surface visible in
Figure 4.10 where it is shown the maximum mold cavity temperature
trend for the investigated porous inserts geometries.
It is visible that, for the parameter "S", the highest cavity tempera-
ture is achieved in correspondence of his upper value within the in-
vestigated range. Therefore, higher values of this parameter could be
investigated to further increase the mold thermal performance. How-
ever, considering that the width "t" of the sheets was only 1 mm and
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SQUARE SIDE LENGTH “L” (mm)
3 3.5 4 4.5 5
Thickness 3 368.2 366.2 362.6 359.2 359.8
"S" 4 368.7 369.9 367.1 363.6 364.4
(mm) 5 371.1 374.1 372.3 363.4 364.9
Table 4.3: Maximum cavity temperature (◦C) after 2 seconds varying the in-
serts geometry parameters
Figure 4.10: Simulation response surface
the inserts were subjected to an high compression loads, it was de-
cided to not exceed the value of 5 mm for the parameter "S" in order
to avoid undesired structure buckling. Therefore, the porous inserts
geometry which ensure the highest thermal exchange between cavity
surface and the circulating fluid has the following geometry:
• Square hole side L = 3.5 mm;
• Thickness S = 5 mm;
• Minimum distance between holes t = 1 mm.
4.3.4 Second phase: detailed fluid-dynamic model generation
material selection and porous inserts manufacturing
The preliminary simulation has suggested the design of the porous
inserts made by overlapping metal sheets with a thickness of 5mm
and a square hole side of 3.5mm. The best solution for obtaining pre-
cisely this type of dimensions would be the cutting water jet technol-
ogy, however, because it is an expensive and time consuming process
it was decided to produce the metal sheets by laser cutting. Concern-
ing the choice of material, the best solution would be make the insert
with a copper-beryllium alloy, which is a material already used to
mold inserts with a high thermal conductivity. This type of alloys
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have a thermal conductivity of about 100 W/mK, combined with a
rather high yield strength, especially after heat treatment. However,
because this first prototype has the purpose of validating the CFD
model and executing some molding tests, the high thermal conduc-
tivity is not of primary importance. It has therefore been chosen to
realize the insert in stainless steel AISI 304; material having a rather
low thermal conductivity (16 W/mK at 25 ◦C), but easily workable by
laser cutting. A further advantage of this material compared to other
steels is the inoxidizability. The insert material in fact, is immersed
in stagnant water for many hours therefore, in such environment, a
carbon steel would eventually corrode, and the oxide formed would
be carried from the water during the subsequent operation may hin-
dering the water flow.
contact thermal resistance Considering the porous inserts








The main factors that affect the contact thermal resistance are:
• Roughness, waviness and flatness of the surfaces;
• Fluids and inpurities at the interfaces;
• Contact pressure;
• Thermal properties and mechanical properties of materials in
contact.
In general it can be said that for a given material the resistance
increases with increasing roughness, whereas decreases with increas-
ing the contact pressure. This fact suggested two important practical
considerations, namely the need to polish the metal sheets to reduce
the surface roughness and to impose an interference pre-load during
the metal sheets assembly. The interfacial resistance was taken into
account in the following simulation.
development of a detailed thermo-fluid-dynamic model
The purpose of this second model is in one hand the understanding
of the phenomena that occur in the new inserts and in the other hand
is the generation of a reliable tool for predicting the mold thermal
behaviour for further future projects. For these reasons it is necessary
that the numerical model:
• Would be able to describe the reality in detail;
• Would be suitable to be validated experimentally.
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DOMAIN: WATER
Density 935 Kgm−3
Thermal conductivity 0.688 Wm−1K−1
Thermal heat capacity 4270 JKg−1K−1
Dynamic viscosity 0.212 10−3Pas
DOMAIN: Mold
Density 7900 Kgm−3
Thermal conductivity 16 Wm−1K−1
Thermal heat capacity 500 JKg−1K−1
Table 4.4: Domains properties
The first point involves the need to eliminate simplifying assump-
tions, such as the neglecting of thermal resistances and the usage of
unsuitable symmetric boundary condition in Table 4.1. The second
point, however, entails the need of knowing all the material proper-
ties as well as the real initial and boundary conditions. Once that
all these parameters were known, it was possible to perform a cali-
bration of the model by planning experimental tests carried out with
the physical prototype. Only through a validated numerical model
it is possible to perform a qualitative predictions of the effect of any
changes in the system, such as: using a different material for the in-
sert, modify the mold geometry, setting a different water temperature
etc. With this regard, the first goal of the model experimental calibra-
tion was to compare the accuracy of using a turbulence model for the
fluid domain or a laminar flow model.
model geometry The geometry of the model is shown in Fig-
ure 4.11. As visible it was considered the entire mold while the com-
putational domain was reduced to a portion of the system with a
thickness of 13.5 mm, obtained by cutting the model with two paral-
lel planes. In order to adopt a finer mesh, the symmetry properties
of the mold was exploited.
The choice was made for the need to have a computational domain
reduced enough to permit the simulation performing in an acceptable
time and with the available hardware.
fluid-dynamic model settings Thanks to the platform Work-
bench, the model parameters can be managed from the main window
in order to ease the evaluation of the input parameters sensitivity on
final results. Concerning the fluid and solid domains, they have the
properties listed in Table 4.4.
Both the input and the output parameters are set to "Opening" con-
dition with the assignment pressure value, in order to accurately rep-
resent the flow conditions with a complete developed speed. The
adoption of this type of boundary condition required the calculation
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Figure 4.11: Meshing of the detailed CFD model
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Figure 4.12: Model utilized to determine the pressure drop
of the correct pressure drop between inlet and outlet of the simulated
model. The steps employed for calculating the pressure drop are the
following:
• Execution of an experimental test with the phisical prototype
in order to determine the pressure drop imposed by the ther-
moregulator pump. The pressure value was supplied by the
same temperature control unit and is equal to: 4P = 5bar;
• Using the characteristic curve of the pump, it was determined
the flow rate of circulating water in the mold, equal to: Q= 10
l/min The volume circulating in the single insert is therefore
equal to: 5 l/min;
• Performing of a fluid-dynamic simulation to determine the pres-
sure drop per unit length through the insert. To do this a sim-
plified numerical model was created, which actually simulated
the flow through a single channel of the porous inserts labyrinth.
Doing so, it is assumed that in each "channel" of the porous in-
serts the pressure drop would be constant. The geometry of
such a model is visible in Figure 4.12.
The flow rate through a single channel of the porous insert was cal-
culated by dividing the flow rate by the number of channels. Thanks
to this simulation the pressure drop was determined: ∂P∂x = 530300
Pa
s
Assuming a linear relationship between pressure drop and insert
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DOMAIN: WATER
Inlet Inlet p = 500000Pa; T = 130◦C
Exit Opening p= 492840 Pa
DOMAIN: Mold
Environment Wall HTC K = 10Wm2K−1; Tenv=15 ◦C
Table 4.5: Model boundary conditions for the transient simulation
length, the calculated pressure drop between the input and the out-
put of the model visible in Figure 4.11 is:
AP = 7160 Pa
A further issue regards the modeling of the thermal contact resis-
tance. A rigorous modeling of the contact resistance would be ex-
tremely complex, since besides its dependence on material properties
it also depends on the contact pressure, which varies because of the
differential thermal expansion. It has been chosen to consider a fixed
value of contact resistance regardless its dependence from other vari-
ables. The first attempt value was assigned equal to:
Rc = 2.7 ∗ 10−4 m2KW
It is considered important at this point a clarification concerning
the fluid model choice. The Reynolds number was calculated for the
labyrinth geometry, taking as reference a single rectangular sections
as visible in Figure 4.12. Considering the flow conditions explained
above and a water temperature of 130 ◦C, the hydraulic diameter was
calculated as 4A/P where A is the flow section and P the wet perime-
ter. In this case the Reynolds number was 7345. From literature it
is learned that for the flow through rectangular mini-channels the
transition from laminar to turbulent flow occurs for Reynolds num-
bers between 2200 and 2500, depending on the relationship between
the height h and the base b. It was therefore decided to set up a
turbulence fluid domain model, namely the k-epsilon model. In this
case, however, the choice was made not without several unknowns,
concerning the fact that the data reported in the literature usually re-
fer to constant cross section, while in the present case the section is
greatly variable along the fluid path. The consequences of the rapid
changes in the flow section are not easily predictable. Considering
the boundary conditions listed in Table 4.5, the complete simulation
was performed in two steps:
• Stationary analysis with the circulating water at 60 ◦C;
• Transient heating analysis with an inlet water temperature of
130 ◦C, for a duration of 30 seconds.
They were then applied the boundary conditions as visible in
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Figure 4.13: Boundary conditions for the transient simulation
simulation results A first qualitative evaluation can be made
by observing the evolution of the temperature field, represented with
a color map in Figure 4.14.
It is observed that the lack of an isolation layer between the insert
and the internal mold causes the heating of the entire area surround-
ing the insert. Despite this waste of energy it is still visible that the
temperature increases rapidly on the surface cavity, because of the
reduced thickness of the plate. The placement of the insert as close as
possible to the cavity, results in a reduction of the heating time due
to the fact that the conductive thermal resistance and the thermal in-
ertia of the interposed material is reduced. Another important aspect
is the fact that after 1 second the insert had already almost the same
temperature of the water, highlighting the fact that the bottleneck of
the heating phase was the plate thermal inertia. It is also reasonable
to believe that a higher insert conductivity would lead to a lower heat-
ing time. From a quantitative point of view, it is possible to observe
the graph in Figure 4.15, which represents the trend of the maximum
temperature in the cavity, the average temperature and the temper-
ature at the point corresponding to the position of a thermocouple
installed in the phisical prototype (as discussed below).






Where HSTav,(8s) is the heating rate calculated for the cavity surface
average temperature considering the initial 8 seconds of the transient





where TCT refers to the temperature in the point where the ther-
mocouple was placed.
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(a) (b)
(c) (d)
Figure 4.14: Mold section temperature distribution after 0.1 seconds(a) after
2 seconds (b) after 6 seconds (c) and after 10 seconds (d)
4.3.5 Mold structural verification
loads conditions A mold structural simulation was carried out
to calculate the stress field caused by the injection polymer pressure
in the cavity and the thermal load due to the rapid heating. To de-
termine the injection molding pressure a filling and packing analysis
was carried out with the software Autodesk MoldFlow 2013, while
the load caused by the mold thermal expansion was obtained thanks
to the transient thermal simulation.
performing of the injection molding simulation This
simulation aimed to determine the cavity pressure distribution caused
by the pressure developed by the plastic during injection phase. The
injection molding parameters were chosen considering the usage of
a fiber reinforced polypropylene (Celstran PP50% lgf) with standard
conditions (Table 4.6).
In Figure 4.16 it is reported the cavity pressure profile along the
polymer flow direction. As visible in the same image, the mold was
designed with two cavities while the molded part was a small plate.
The maximum injection pressure, reached in correspondence of the
main runner, was 40MPa. Through this simulation, the load distribu-
tion was determined and it could be inserted as boundary condition
in the subsequent structural simulation. However, in order to simplify
the simulation set up and for safety motivations, it has been consid-
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Figure 4.15: Heating profiles obtained for a cavity central point (red), for
the average temperature of the cavity mold (blu) and for the
thermocouple point (green)
Process parameters
Melt temperature 240 ◦C
Mold temperature 50 ◦C
Injection molding time 1 s
Switch over 99% of the total filled volume
Packing pressure 40 MPa
Packing pressure time 10 s
Table 4.6: Injection molding simulation parameters
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Figure 4.16: Mold cavity pressure profile
Figure 4.17: Mechanical simulation stress results
ered a constant pressure of 40MPa applied to all the surface cavity,
even though this value was reached only in the central position.
structural simulation analysis In the structural simula-
tion, the material elastic modulus and the yield material stress were
fixed to E=190 GPa and σy=270 MPa respectively. The stress caused
by the thermal expansion was also taken into account.
In Figure 4.17, the mechanical simulation result shoes a maximum
equivalent Von Mises stress of 248 MPa, which is below the yield ma-
terial stress. The mold vertical deformation is visible inFigure 4.18.
The latter figure highlight that the cavity deformation is dominated
by the effect of the insert thermal expansion, rather than by the pres-
sure in the cavity. Indeed, the maximum deformation along the axis
z, orthogonal to the surface of the cavity, is equal to 0.00724mm and
it is positive. This is the effect of the insert thermal expansion which
prevails over the cavity pressure. The stiffness of the insert is there-
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Figure 4.18: Mechanical simulation deformation results
fore rather high, when compared for example with metal foams. The
chain of fluid-dynamic, thermal, injection molding and structural sim-
ulations has permitted the development of an optimized mold which
will be used in the following chapter for validating the model of the
fluid dynamic simulation and subsequently for an experimental cam-
paign with the aim of investigating the RHCM influence on fiber re-
inforced and crystalline materials.
4.4 mold manufacturing and fluid-dynamic model val-
idation
In the first part of this chapter it was presented the procedure used to
define the size and the shape of the porous insert for the rapid varia-
tion of mold temperature, using mainly simulation tools. This chap-
ter summarizes the essential aspects of the experimental campaign
conducted on the physical prototype to experimentally measure the
cavity heating trend, varying the operating conditions. The experi-
mental apparatus will be discussed in this chapter. A comparison
between the simulation and the experimental results will be carried
out. It will be highlighted that the assumptions made during the
design phase have led to an overestimation of the heating rate. To
conclude, a fluid model validation will be carried out.
4.4.1 Materials and methods
The metal sheets, made with AISI 304 (austenitic stainless steel), were
obtained by laser cutting. The mold plates were also obtained for
laser cutting of semi-finished laminates in AISI 304. Both the plates
were then processed with a CNC machining center 3-axis. The var-
ioterm cycle was performed with a Tempro D Vario Plus 180 ther-
moregulator, provided by Wittmann-Battenfeld. The alternative flow-
ing of hot and cold water through the mold was ensured by six pneu-
matic valves, controlled by a PLC, that manages the phases duration
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(a) (b)
Figure 4.19: (a) Thermoregulator system (b) Pneumatic valves system
(a) (b)
Figure 4.20: (a) Thermocouple placed in the mold water inlet (b) Thermo-
couple placed in the mold cavity
and the trigger signals. In Figure 4.19 is visible the thermoregulator
and the valves system.
The experimental mold characterization was made by acquiring the
water temperature at the mold inlet and the temperature of the cavity
mold. For doing this, two thermocouples were used as visible in
Figure 4.20. The temperature signals are digitized by means of a data
logger (NI) and acquired through a program created with LabView
(National Instruments).
4.4.2 Model validation
The model validation was carried out by comparing the thermal sim-
ulation with the experimental results. By means of the thermocouple
placed in contact with the water inlet, it was possible to detect a small
difference between the effective temperature of the water which en-
ters into the mold, and that one set with the temperature control unit.
There is also a further aspect, it should be noted that when the valves
unit switches from the cooling phase to the heating one, the cold wa-
ter still inside of the mold channels and the connecting pipes will be
added to the hot circuit. To further investigate this aspect two heat-
ing tests were conducted using pipes of different lengths, respectively
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Figure 4.21: Comparison between the inlet water temperature using long
channels (red line) or short channels (blue line)
700mm and 2500mm, to connect the valve station with the mold. It
is seen that longer tubes determines two phenomena. The first, obvi-
ously, it is a delay of the mold heating, due to the fact that the hot
water takes more time to reach the mold. The second, less obvious, is
the increasing of the time needed for the termoregulator to heat the
water up to the set value. This time is enhanced reducing the heating
power of the thermoregulator. Therefore, the solution could be use
shorter tubes or at least increase the thermoregulator power.
The effective water temperature was considered as inlet boundary
condition in the model. The pressure drop between inlet and outlet
was given directly from the thermoregulator pressure trasducers. The
coefficient of thermal exchange between mold and environment was
set to 10Wm-2K-1 where the external temperature was 15 ◦C. In Figure
4.22, a comparison between the simulated and the experimental heat-
ing profiles is shown; in this example, the inflow water temperature
was 130 ◦C. The red line and the green one describe the simulated
heating profiles considering a turbulent and a laminar flow model re-
spectively. The black line represent the experimental heating profile
measured with the thermocouple placed directly in the mold cavity.
Comparing the heating profiles calculated by the numerical simula-
tions and the experimental one, it is possible to conclude that the
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Figure 4.22: Numerical and experimental comparison between the heating
profiles
laminar model gives a better prediction of the real heating profile.
The maximum error was 6, 5%.
In Figure 4.23, several heating cycles were acquired at different wa-
ter temperatures, with an initial mold temperature of 60 ◦C. These
heating profiles are relative to the temperature detected by the termo-
couple placed just behind the cavity surface. They have been useful to
predict the time needed to achieve a specific mold cavity temperature.
The maximum heating rate obtained was 7 ◦C/s with a circulating hot
water of 175 ◦C.
4.5 discussions
The experimental campaign conducted with the physical prototype
has provided many important informations regarding the proposed
technology performances. Regarding the cavity heating, the technol-
ogy based on the labyrinth insert has been seen to be competitive
with the best technologies that use the fluid convection for mold heat-
ing, in particular for the steam heating. The maximum heating rate
obtained is about 7 ◦C/s, using pressurized water at 175 ◦C and start-
ing from a temperature of 30 ◦C. The comparison with the technology
based on the foam metal insert has sanctioned an increasing of 59%
of the heating rate for the same conditions. Moreover, it is shown ex-
perimentally that the channels length influences the inlet water tem-
perature in the mold and consequently the heating of the same. The
greater the length of the connection pipe, the greater the heating delay
and the lower the heating rate. This fact suggests to place the valve
unit as close as possible to the mold, including the possibility of in-
stalling a dedicated control directly in the half-mold. Concerning the
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Figure 4.23: Heating profiles for different water temperatures
porous inserts design, the investigation of other manufacturing meth-
ods or materials could be very useful to further increase the mold
thermal response. For example, the employment of an SLM technol-
ogy would increase the number of available geometries which can be
used as porous inserts. Another interesting aspect concerns the mate-
rials choice. In this paper the main purpose was the development of a
new method to design cooling channels and validate the CFD model.
For this reason the materials choice was made paying attention to the
requirements of ease of processing and cost, giving little weight to the
thermal properties, which are rather low in this case. Therefore, it is
reasonable to expect remarkable improvements using materials with
higher thermal diffusivity, such as copper alloys or aluminum alloys.
Each solution will have to take into account the both the structural
and differential thermal expansion issues.
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C Y C L E M O L D I N G T E C H N O L O G Y
Thermoplastic long-fiber bridge the gap between the thermoplastic
composite short fibers and those in continuous fibers, providing bet-
ter mechanical properties than those in short fibers but retaining the
ability to be injection molded. This technology is the most widespread
for the production of these materials, since it allows the production
of components of large size and complex geometries with reduced
cycle times. It is therefore possible to produce articles with high per-
formance at low cost. However, a typical goal in fiber reinforced
polymer injection molding, is the achievement of high aesthetic qual-
ity surfaces. In particular, due to the low mold temperature, the fibers
which reach the cavity wall freeze instantaneously resulting in a high
surface roughness and a poor quality in general. Some results of re-
cent research about the mold temperature influence on surface rough-
ness and gloss are highlighted in chapter 1. In this work it is studied
the mold temperature, the injection rate and the packing pressure ef-
fects on surface topography. The molded part was a small plate made
with PP reinforced with 50% of long glass fibers. To statistically inves-
tigate the experimental results, the experiment was conducted using
the method of Design of Experiments (DOE).
5.1 material and methods
This experiment was conducted to evaluate the effect of the rapid heat
cycle molding on molded part surface roughness of polypropylene
charged with 50% of long glass fibers. This topic was already stud-
ied in literature but only considering the effect of mold temperature
actually neglecting the interaction with the others injection molding
parameters. Besides mold temperature the most influential parame-
ters on surface topography are the injection rate and packing pres-
sure. These three parameters are therefore the factors considered in








where z (x, y) is the function that expresses the topography of the
surface with respect to its middle plane, acquired with an optical pro-
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RANGES OF FACTORS
Mold temperature [◦C] 70-110
Injection speed [mm/s] 70-150
Packing pressure [MPa] 20-40
Table 5.1: Design of experiments
Figure 5.1: Optical microscope Sensofar
filometer. The material used was Celstran PP 50% lgf, a polypropy-
lene charged with 50% long glass fibers. The initial fiber length was
about 10 mm. The definition of the factorial plane requires firstly the
choice of the investigated factors ranges. The intervals considered in
this case are:
Therefore, the full factorial design relies in 8 combinations of pa-
rameters. For each combination 5 replications were carried out.
5.2 experimental apparatus and measuring system
The injection molding machine (Battenfeld HM 110 / 525H / 210S)
has a clamping force of 110 tons, with hydraulic drives for both the
closure unit and the injection unit. The system used for the rapid
variation of mold temperature is that one equipped with porous in-
serts, described in the chapter 4. Concerning the mold temperature
control, it has been used the same system explained in the chapter be-
fore, composed with two thermocouples interfaced with the LabView
software. The surface topography characterization was carried out
with the optical profilometer Sensofar (Figure 5.1), using the optics
in the confocal mode. The supplied software is capable of providing
directly the value of the roughness Sq. The specimens surface has
been scanned with an optical of 20 x, which is a suitable resolution
for our purpose.
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Figure 5.2: Normal probability plot of the standardized effects
5.3 results and discussions
The statistical analysis was carried out by adopting a confidence in-
terval of 95%. The results of the experiment show that, among the
intervals chosen for the factors, all the main effects are significant
and it is also significant the interaction between the temperature of
the mold and the injection speed, as shown in the graph of normal
probability in Figure 5.2.
Concerning the main effects plots, the experiment shows, in agree-
ment with the other results reported in literature, that using an high
mold temperature leads to the specimens roughness reduction Fig-
ure 5.3. This is because the material close to the cavity wall is kept
at high mold temperature, allowing the migration of the matrix to-
wards the surface, avoiding the fibers surfacing. The difference is also
qualitatively visible by comparing the following images Figure 5.5, ac-
quired with the optical microscope, representing the surface of two
specimens obtained at different mold temperatures. Regarding the ef-
fect of the packing pressure, similarly with the conventional molding,
there is a reduction of the surface roughness increasing the pressure.
The increasing of injection speed determines a lower roughness; this
behavior could be explained in one hand considering the lower mate-
rial viscosity at high shear rate due to the shear thinning phenomenon
and on the one hand, at high injection speed the packing phase oc-
curs in advance giving less time for the melt freezing. To conclude,
the experiment highlights a very interesting aspect, which relates to
the interaction between mold temperature and injection speed. In
Figure 5.4 it is seen that increasing mold temperature, the injection
speed becomes almost irrelevant for the surface roughness. This fact
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Figure 5.4: Interaction plots: (a) Mold temperature-Injection rate (b) Packing
pressure-Injection Rate (c) Mold temperature-Packing pressure
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Figure 5.5: Surface topography for the specimens molded with a mold tem-
perature of 70 ◦C(a) and 110 ◦C (b)
has an important implications regarding the advantages of using a
rapid heat cycle molding technology for fiber reinforced materials.
Indeed, it is possible to obtain an high quality surface finishing even
with a low injection speed. This consideration means that at high
mold temperature it is possible to reach a good quality surface also
with a low injection velocity meaning lower fiber deterioration and
fibers orientation anisotropy reduction.
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I N F L U E N C E O N S TAT I C M E C H A N I C A L B E H AV I O R
O F F I B E R R E I N F O R C E D P O LY M E R M AT E R I A L S
The employment of reinforcing fibers can improve the materials me-
chanical properties such as tensile strength, stiffness and impact re-
sistance. In general, the longer the fibers length the higher the me-
chanical properties at least up to a critical fiber length where a further
increasing of the reinforcement length would not lead to an increas-
ing of mechanical properties. Long glass fibers, which are the most
used for injection molding applications, have an initial length of 10-
12 mm. However, during the entire process, the fibers are subjected
to mechanical stresses which cause their breakage, thus reducing the
length. The shear stress was identified as the most influential param-
eter on fiber breakage and orientation. In particular, from chapter 5
it is seen that increasing mold temperature, it is possible to obtain an
high quality surface finishing even with a low injection speed. This
consideration means that at high mold temperature it is possible to
reach a good quality surface even with a low injection speed reduc-
ing the fiber deterioration during process. This work stem from the
challenge of optimizing the injection molding process in order to im-
prove at the same time surface appearance and mechanical properties
of fiber reinforced polymers. In particular, a Design of Experiments
analysis (DOE) was considered for experimentally study the influence
of main injection molding process parameters on residual fiber length,
fiber morphology and mechanical properties. A new methodology
was developed for measuring the residual fibers length. The proce-
dure involved the using of a professional scanner and a specific soft-
ware able to automatically measure the fibers length. Compared with
the traditional technique where the fibers were measured individu-
ally, this new measuring system allows the evaluation of a greater
number of fibers at the same time. The internal molded part mor-
phology was investigated with an X-ray tomography system which
allowed the reconstruction of the internal part micro-structure with-
out impairing the material integrity. The analysis involved the fibers
orientation and the specimens porosity evaluation. Tensile tests were
conducted to investigate the influence of processing parameters on
the specimens ultimate tensile stress. The results were interpreted by
analyzing the correlation between residual length and fibers orienta-
tion with the mechanical results.
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6.1 material and methods
Even in this experimental tests, the injection molding machine was
Battenfeld HM 110 / 525H / 210S. The mold was that one developed
in the chapter 4 , equipped with the porous inserts. To analyze the
influence of the molded parts geometry on fiber breakage and ori-
entation, three plates with a different cavity thickness were made in
C45 steel. The cavity thicknesses considered in this experiment were
4 mm, 2.5 mm and 1 mm. The specimens cavity was a type 1A dog
bone specimen, according to ISO 527. Semi-finished products were
obtained for laser cutting while the following activities where carried
out subsequently with a CNC machining center in three axes:
• Milling of the runner system and the specimen cavity;
• Drilling operation dor the thermocouple placement;
• Drilling operation for the ejectors guides.
The technical drawing of the plate with a cavity thickness of 1 mm
is shown in Figure 6.1.
The thermoregulator employed is the Tempro Plus 180 D Vario,
produced by Wittmann-Battenfeld. It is equipped with two separated
circuits, one for the low temperature water and the other for the high
temperature; it is able to achieve temperatures up to 180 ◦C. The
mold temperature control was made by placing a thermocouple near
to the cavity edge (Figure 6.2) allowing the sincronization between
the thermoregulator and the injection molding machine cycles.
The material used in this experimentation was polypropylene filled
with 30% of long glass fibers.
6.2 mechanical test setup
Tensile strength tests were carried out at a deformation rate of 5
mm/s according to ISO R527 standard. For each combination of
process parameters considered, five tests were made to statistically
analyze the specimens mechanical behavior.
6.3 system computed microtomography
The commonly 2D techniques used to determine the fibers orienta-
tion of fiber-reinforced materials (ex. 2D X-rays or section microanal-
ysis) have limitations in extrapolating the three-dimensional fibers
distribution from two-dimensional images (X-rays or micrographs of
sections). Conversely, the X-ray computed microtomography (CT) is
a not destructive method which allows to obtain a complete three-
dimensional reconstruction of the piece permitting, in our case, the
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Figure 6.1: Technical drawing of the plate with a thickness of 1 mm
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Figure 6.2: Thermocouple position for checking the mold cavity tempera-
ture
display of the spatial distribution of the fibers within the matrix. For
the images acquisition, a source emits a cone beam of X-rays that in-
vests the sample placed on a rotary table. The emitted radiation are
attenuated, partly absorbed from the material and partially dispersed.
This attenuation is determined by the thickness that is crossed, by the
composition, the material density and the energy of the X-ray. The
residual radiation which crosses the piece is measured by a X-ray de-
tector (detector): what is obtained is a radiograph (two-dimensional
projection). A high number of projections taken at different angular
positions of the sample allows, thanks to a mathematics reconstruc-
tion, to obtain a volumetric model composed of voxels (equivalent
volumetric pixel). The information that is obtained, consequently, is
not limited to one surface of the object, but also about its internal
characteristics, allowing, for example, to directly observe the fibers
orientation of composite materials. A more detailed discussion of
this technique, and a summary of the state of the art can be found in
[150], while for an overview of its numerous industrial applications,
see [151]. In this study the measurements were made using the sys-
tem computed microtomography Metrology Nikon Metrology XTEK
MCT225, at the Te.Si. laboratory Figure 6.3.
6.4 residual fiber length measurement procedure
6.4.1 Traditional procedure for measuring the residual fibers length
The fibers breakage analysis is important because the residual fiber
length is correlated with the injection molding process parameters as
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Figure 6.3: CT System Nikon Metrology XTEK MCT225
well as with the workpiece mechanical properties. There are many
methods available for determining the fibre length distribution. The
most widely used involves several operations (including pyrolysis
and ultrasonic system) performed to obtain a series of photographs of
the fibres from which information about their length are extrapolated
by means of software for image analysis. The micrographs should
be large enough to accommodate even longer fibres, but this is not
always possible especially in the cases of thermoplastics reinforced
with long fibres, whose length can be even longer than the field of
view of the vision tool. The inability to measure the longer fibres
leads to an underestimation of the average fibre length and thus the
correlation between the process parameters and the fibre damage is
impaired. Therefore the traditional technique, which is limited by the
field of view of the optical CMM used, has been improved to make
it suitable for measuring even longer fibres by Berton [152]. For this
purpose the image mosaic technique has been applied to merge differ-
ent images, in order to overcome the limit imposed by the instrument.
The new technique has been then applied to a test case, with the aim
of analyzing the influence of the process parameters on residual fi-
bres length during injection moulding. In summary, the advantages
brought by the technique of Image Mosaic are:
• Ability to measure all the fibers in the sample;
• Need to make a single calibration.
Despite these advantages, however, it remains the major limitation
of being a technique not-automated, in which the fibers are extracted
manually one by one from the image. Therefore, it is also a time
consuming operation.
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6.4.2 Innovative procedure for measuring the residual fibers length
In this work it was developed a new method which introduces the
following features:
• A scanner was employed in order to solve the limitation of the
field view, allowing the acquisition of images much larger than
those with the CMM machine;
• Automatic measurement of fibers within the acquired image:
the use of a specific software for this purpose (described in more
detail hereafter) avoids the problem of having to measure the
fibers one by one.
With these improvements it was possible to analyze the length of a
much larger number of fibers (about 2000 per each sample) in a short
time. However it was necessary to spend time for the procedure
development, particularly concerning the optimization of the scanner
parameters and the calibration of the software used for recognizing
the fiber length. In summary, the process for measuring the fiber is
divided schematically in the following points:
• Pyrolysis of a portion of the specimen to obtain the fibers from
the polymer matrix;
• Removal of a small amount of fibers from the sample using
tweezers;
• Dispersion of fibers on a thin glass sheet;
• Use of an high resolution scanner for the acquisition of the
fibers sample image;
• Subdivision of the original image into a series of smaller images
with an optimal size for the subsequent analysis;
• Image analysis with software ctFIRE which recognizes the fibers
and measures their length in pixels;
• Conversion of fibers length from pixels to millimeters by cali-
brating a few sample fibers with the CMM machine in order to
determine the Num.Pixel/millimiters ratio;
• Calculation of the average residual fiber length.
The various steps are described in more detail below.
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Figure 6.4: The utilized oven for burning the polymer matrix
Figure 6.5: Sample obtained from the specimen before and after pyrolysis
pyrolysis To make a direct measurement of residual fibers length
it is necessary to delete the polymer matrix from the specimen. For
each specimen investigated, a small samples of material long 30 mm
, has been cut in the central position of the specimens. Taking ad-
vantage of the fibers resistance at high temperatures, the separation
between fibers and polymer matrix was carried out by heating the
samples with an oven in order to burn the matrix Figure 6.4.
The test specimens are placed on a refractory stone which is in-
serted into the the oven cavity once the temperature reaches about
700 ◦C. The complete pyrolysis of matrix requires about one hours,
after which the plate with the fibers is picked up from the oven and
cool at the room temperature. The difference between the initial sam-
ple and the burned one is visible in Figure 6.5.
In these conditions it is not possible to directly measure the fibers
length, since the plot is a three dimensional structure that does not
allow to distinguish the individual fibers. It is therefore necessary to
take a small amount of fiber from the sample with tweezers, trying to
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Figure 6.6: Grid placed above the scanner glass; the fibers were dispersed in
all the visible square holes
avoid the areas adjacent to the cut, since the fibers in this area could
be further damaged.
image acquisition The procedure used to measure the residual
fibers length regards the analysis of the images obtained with an high
resolution scanner. After isolating a portion of fibers from the burned
sample using tweezers, it was dispersed on a glass plate of the same
dimensions of the scanner glass. The fibers were spread within 35
square holes of 971x971 pixels as visible in Figure 6.6. This special
grid was created because the CTfire software was not able to ana-
lyze the entire image acquired with the scanner therefore the image
division would result in a fibers cut with the consequence of consid-
ering the cut fibers in the analysis. In order to avoid this problem
each grid square hole had the same dimension of the image which
can be analyzed with the CTfire software. Great attention was paid
for the separation of fibers, so that they were easily recognizable and
measurable.
The acquired image with the scanner had a resolution of 800 dpi.
The scanning conditions were kept constant for all the acquisition car-
ried out. To limit the light reflection a black box of 30 mm thickness
was made and placed in order to cover the scanner glass. Each scan
enabled the measurement of about 2000 fibers.
image analysis In this step the 35 acquired images are imported
in the ctFIRE analysis software, developed by Loci: Laboratory for
Optical and Computational Instrumentation and available free. The
purpose of this independent package MATLAB is the automatic ex-
traction of fibers from an image to analyze their characteristics such
as length, thickness or curvature. The program reads the file input im-
ages and recognizes the individual fibers by removing the noise from
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Figure 6.7: (a) Image acquired with the high resolution scanner (b) Fibers
recognition with ctFire (b)
the image and measuring the length of the fibers, with the algorithm
FIRE. The fibers recognition is visible in Figure 6.7.
The next step was the conversion of fiber length in pixels to mil-
limeters. For this purpose different fibers were measured with a
coordinate-measuring machine optical Werth Video-Check IP 400 CNC.
The same reference fiber were then scanned and measured by the
program ctFIRE in pixels: in this way it was possible to associate
the fiber length measured in pixels, obtained with the image analysis
software, with that one measured in millimeters, obtained with the
CMM. Therefore, the obtained scale factor was used for converting
the output of the ctFire analysis in units of length.
calculation of the average length The fibers length mea-
surement was carried out to analyze the investigated injection mold-
ing parameters influence on residual fibers length. The ctFire output
is the length of thousands measured fibers. Therefore, a mean value
is needed to compare the residual fiber length in order to summa-
rize the entire distribution in only one parameter. To characterize the
fibers average length it may be used a numerical averageEquation 6.1










where Ni is the number of fibers long Li. From studies conducted
to evaluate the ability of different types of averages to represent the
relationship between residual fiber length and mechanical properties
of injection molded parts it is seen that the Equation 6.1 and Equa-
tion 6.2 consider the fibers lengths with the same weight. Therefore
they do not provide a correct representation of the mechanical behav-
ior, in fact, the contribute of longer fibers to the mechanical resistance
of fiber reinforced materials is more significant compared with short
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fibers. A new approach, proposed by Huq and Azaiez, is based on
a mathematical model used to determine the contribution of fibers
on the total stress. Therefore the model of Huq and Azaiez was em-






critical aspects of the measurement procedure The achieve-
ment of accurate results and the errors reduction during the mea-
suring process is obtained only taking care of the measuring steps
described above. The main issues are related to:
• The tweezers used to take the sample of fibers can cause their
breakage, it also operates as a filter by grasping more easily
longer fibers;
• Depending on the point where the portion of fibers is extracted
it is possible to obtain different length distributions, since the
fbers length varies through the thickness;
• Presence of noises in the scanned image due to scratches, blem-
ishes and dust which is unavoidably positioned on the scanner
glass;
• Especially in areas with greater concentration of fibers the soft-
ware hardly distinguishes the fibers overlapped each other.
The solution adopted to minimize these errors has been to pick up
a fiber sample through all the specimen thickness and taking care of
avoiding fibers overlapping during the images acquisition.
6.5 design of experiments
The purpose of this study is to analyze the RHCM technology influ-
ence on fiber orientation, residual fiber length and tensile strength of
fiber reinforced materials. Thanks to this analysis, it will be identi-
fied the most suitable injection molding parameters that can be used
to preserve the fibers length and consequently the mechanical prop-
erties of molded components. The injection molding parameters in-
vestigated in this analysis have been chosen in order to obtain as
many results as possible from the experimental campaign. The mold
temperature will be the most interesting parameters since it affects
the cavity thermal distribution during the injection phase causing the
variation of the melt viscosity and the melt flow. A further parameter,
which directly influence the material morphology and consequently
the mechanical properties of the final part, is the injection molding ve-
locity. Besides mold temperature and injection speed the molded part
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Factors Low level High level
Mold temperature [◦C] 60 120
Injection speed [mm/s] 10 100
Specimen thickness [mm] 1 4
Table 6.1: Design of experiments
Injection molding parameters
Melt temperature [◦C] 245
Back pressure [bar] 50
Ejection temperature [◦C] 60
Post-pressure [bar] 80% of max injection pressure
Table 6.2: Design of experiments
geometry is critical because it affects both the melt flow rate through
the cavity and the thermal distribution. An experimental campaign




Once selected the factors of interest, the next step was choosing the
factors levels, which are summarized in the following table:
The temperature range of the mold was chosen considering that
the minimum temperature is that one recommended for the mate-
rial for a conventional injection molding process while the maximum
temperature has been set in order to be slightly higher than the glass
transition temperature of the material. Regarding the injection speed
the lower investigated speed was that one which ensure a complete
filling of the mold cavity in the worst injection molding conditions,
namely with the smallest specimen thickness and the lower mold tem-
perature. The maximum value for the injection speed was set as the
maximum achievable by the injection molding machine. Finally, con-
cerning the specimen thickness, it was decided to investigate a range
sufficiently large to cover the most common thicknesses used in injec-
tion molding applications. The injection molding set up is reported
in Table 6.2:
In figure Figure 6.8 it is visible the porous insert mold with the
molded specimen. Once that the processing parameters were set, the
picking up of the investigated specimens was done only after that the
mold thermal distribution and the injection molding process was sta-
bilized. A pressure piezo-electric trasducer was also utilized in order
to check the injection molding pressure profile during the injection
phase. Therefore, the statistical criterion of Chauvenet was used to
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Figure 6.8: The molded specimen
separate any specimen whose pressure profile was out of this crite-
ria. Even though the mold thermal cycle was accurately controlled
with the thermocoupled placed close to the cavity wall, this kind of
specimens selection was needed due to the variability of the RHCM
process caused by the thermal fluctuations.
6.6 residual fiber length analysis
In the chapters before it was already advanced the phenomenon of
fiber breakage during the injection molding process of fiber rein-
forced materials. In particular, during the injection phase, fibers are
subjected to high stresses: the polymer flow through the nozzle of
the machine, abrupt variation of the mold geometry and high shear
stresses are the main phenomena which induce fibers breakage. The
results of the experimental tests are reported in Figure 6.9, where
the average length was calculated according to the Huq and Azaiez
equations (Equation 6.3).
The most significant parameter is the specimen thickness. This is
due to the high interaction between fibers and cavity walls during
the injection phase as well as the increasing of flow rate which oc-
cur decreasing the specimens thickness. Indeed, assuming that the
shear stress is the main cause of fiber breakage during the injection
phase, an high flow rate leads to an increasing of the fiber degrada-
tion. This supposition is well supported by the literature[73], and the
results achieved in this experiment are in accordance with this sup-
position since inFigure 6.9 it is shown that increasing the injection




























































Figure 6.9: Influence of injection molding parameters on residual fibers
length: main effects
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speed and consequently the shear stress, a negative effect on residual
fiber length is denoted. As far as the mold temperature parameter
is concerned, the main effects plot shows that an high mold temper-
ature causes an increasing of the average fiber length. This is in ac-
cordance with the hypothesis of this work which expected an higher
residual fibers length by using a rapid heat cycle molding technology.
Hereafter, it will also confirmed the residual fiber length dependence
from the shear stress. Indeed, considering the specimen section as a
slit die, for an isotherm flow the shear stress equation is governed by
the Equation 6.4:
τw = η ∗ 6QW ∗ H2 ∗
1
3




In Equation 6.4 the shear stress is increased by a lower slit die
thickness, high flow rate and viscosity. This is the same for the injec-
tion molding parameters investigated, in fact, correlating the cavity
thickness with the parameter "H", the injection speed with the flow
rate "Q" and the mold temperature with the reciprocal of viscosity,
Figure 6.9 can be summarized by the Equation 6.4. Concerning the
interaction plots, the only significant interaction between the inves-
tigated parameters regards that one between mold temperature and
mold thickness. It is visible that the smaller the cavity thickness the
higher the benefit led by using high mold temperatures. It is a rea-
sonable behavior since as long as the thickness is small, it is more
influenced by the mold temperature. Indeed, the skin layer, which
occurs at the first contact between cavity wall and melt polymer and
which grows during all the injection phase, is a relevant percentage of
the total cavity thickness. Still regarding Figure 6.10, it is possible to
understand the slope of the plotted lines by considering Equation 6.4
and in particular the term of shear rate within the square bracket in
Equation 6.5:
τw = η ∗
[ 6Q
W ∗ H2 ∗
1
3




From Equation 6.5 the higher the shear rate the more influential
the mold temperature effect. In fact, the mold temperature affects the
melt viscosity as more as the thickness is decreased and the flow rate
is increased.
6.7 fiber orientation analysis
The reinforcing effect provided by the fibers consists in an increasing
of stiffness and mechanical resistance, which depends on both the
residual fiber length and orientation along the flow direction. The
X-ray computed microtomography (CT) is a non-destructive method
that allows the three-dimensional reconstruction of the investigated




















) Mold Thickness 4 mm
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Figure 6.10: Influence of injection molding parameters on residual fibers
length: Interaction plots
part. The microstructure of the material obtained is visible in Fig-
ure 6.11.
The typical micro-structure induced by the injection molding pro-
cess can be noted, characterized by a skin-shell-core distribution visi-
ble in Figure 6.12.
This configuration results from the fountain flow which occurs
when the polymer melt flows through a small gap between two par-
allel walls. The velocity gradient is the maximum in correspondence
of the mold wall and it reaches the minimum in the central posi-
tion. This behavior causes the parallel orientation of fibers in the
layer where the shear rate is the maximum, the so-called shell layer,
while the fibers are oriented perpendicularly to the flow direction in
the core layer. In addition, a layer of thin skin in which the fibers do
not present a preferential direction is formed due to the direct contact
of the polymer melt with the cold walls of the mold.
6.7.1 A qualitative analysis of fiber orientation
The fiber orientation trend was analyzed using the tensor orientation
representation proposed by Advani and Tucker [154]. This method is
widely used to characterize the fibers orientation due to its efficiency,
simplicity and short computational time required. In particular, the
fibers orientation distribution through the specimen thickness was
calculated thanks to the software VG Studio Max 2.2 (Volume Graphic
GmbH). As illustrated in Figure 6.13, the specimens were fixed inside
the ct instrument cabin and it has been scanned in a central portion,
for a length of 13 mm and with resolution of 7.4 microns.
The acquisition parameters are listed in Table 6.3.
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Figure 6.11: Portion of the specimen scanned with micro-tomography
(a) (b) (c)
Figure 6.12: Different fiber distribution by layering the specimen through





Exposure time [s] 4
Voxel size [mm3] 0.0074
Number of projections 1500
Table 6.3: CT acquisition parameters
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Figure 6.13: The specimen fixed on the micro-ct rotating table
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Figure 6.14: FOD through the sample thickness for the specimen molded at
injection speed of 10mm/s
The response variable investigated was the fibers tensor orienta-
tion a11 along the flow direction, calculated through the specimen
thickness. An high value of a11 indicates a great percentage of fibers
orientated parallel to this direction. Conversely, a low value of a11 in-
dicates that the fibers are oriented transversely to the flow direction.
Due to the high variability of fiber orientation detected for the spec-
imens with a thickness of 1 mm, the following analysis will tackle
the fiber orientation results for the specimens with a thickness of 4
mm. In particular, Figure 6.14 and Figure 6.15 show the influence of
the mold temperature on fibers orientation for the specimens molded
with an injection speed of 10 mm/s and 100 mm/s respectively. The
data were filtered with the software Matlab by using a moving aver-
age filter in order to remove noises and smooth the fluctuations of
data, outlining a more regular and understandable result. The blue
and the red lines represent the calculated fiber orientation distribu-
tion with a mold temperature of 60 ◦C and 120 ◦C respectively. The
Figures show the shear-core orientation distribution while the skin
layer was too thin to be evaluated because of the specimens surface
irregularity.
Considering the shear layer, the FOD analysis shows that the lower
the mold temperature the higher the fiber orientation. This behavior
was predictable because of the minor shear stress involved increasing
the mold temperature and consequently reducing the melt viscosity.
In order to further investigate the fiber orientation phenomenon, an
injection molding simulation was also performed. It showed that,
molding at high mold temperature, the shear stress is also decreased
by lower shear rate. Focusing on the specimens with a thickness of 4
mm, in Figure 6.16 it is plotted the shear rate trend through the speci-
6.7 fiber orientation analysis 127
Figure 6.15: FOD through the sample thickness for the specimen molded at
injection speed of 100 mm/s
Mold Temperature [◦C] 60 120 60 120
Injection Speed [mm/s] 10 10 100 100
Total thickness [mm] 3.54 3.66 3.65 3.71
Sheel layer [mm] 56% 62% 52% 56%
Core layer [mm] 44% 38% 48% 44%
Table 6.4: Specimens thickness and layers percentage distribution
men thickness obtained with an injection molding simulation carried
out with the software Autodesk Moldflow. The graph shows that, ex-
cept for an initial portion, the shear rate is increased by molding at
low mold temperature, promoting the orientation phenomenon.
The specimens morphology has been further investigated. The
RHCM influence on the skin-shear-core layers distribution through
the thickness was analyzed. However, the skin layer thickness was
not detectable with a sufficient accuracy so it was not considered in
this analysis. Even so, the relative percentages of the shear-core layers
are listed in Table 6.4.
A first evaluation concerning the specimens thickness indicates that
the cavity shape is better replicated increasing the mold temperature
and the injection velocity. This trend is explainable considering that
the post-pressure is more efficient if the bulk freezes at low cooling
rate. The distribution of the specimens layers seems to be affected
by the mold temperature in fact the parts molded at high mold tem-
perature showed an increasing of the shell-core ratio. This difference
is more evident for low injection velocities. A further interesting in-
vestigation, tackled in this work, is the analysis of porosity. This
evaluation has been limited to the specimens with a thickness of 4
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Figure 6.16: Shear rate profile in function of the specimen thickness at
10mm/s injection speed and mold temperature of 60 ◦C and
120 ◦C respectively
Figure 6.17: FOD distribution through the samples
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mm because of their high attitude to be affected by this problem. Ta-
ble 6.5 shows that the porosity percentage is decreased by high mold
temperature. This is due to:
• The better Post-Pressure efficacy on the shrinkage phenomenon;
• An high mold temperature allows an uniform bulk shrinkage,
decreasing the skin layer which occur when the polymer come
in contact with the mold cavity during the injection phase;
• Considering that the fibers aligned in the thickness direction
prevent the matrix shrinkage causing the growing of empty
spaces, this phenomenon is reduced for the specimens molded
with RHCM because of its high shear-core ratio detected in the
previous analysis.
Analysis of porosity
T=60 ◦C T=120 ◦C
Injection Speed=10mm/s 3.38% 2.66%
Injection Speed=100mm/s 3.18% 1.75%
Table 6.5: Specimens porosity at different molding conditions
6.7.2 A quantitative analysis of fiber orientation
In order to quantitatively understand the processing parameters in-
fluence on fiber orientation a further analysis was carried out. In
particular, the area of the specimens section taken in the middle posi-
tion was considered and it was divided following a 3x3 grid for the
specimens of 4 mm and a 1x3 grid for the specimens of 1 mm, due
to the small area. The grids division is visible in Figure 6.18 and
Figure 6.19. Since the tomographic scans are time consuming opera-
tions, it was necessary to decrease the number of scans, therefore in
this case the injection speed was kept at the lower value of 10 mm/s.
In this condition the influence of mold temperature and cavity thick-
ness, which are the main interesting parameters in this analysis, on
fiber orientation was more evident.
The software calculates the fiber orientation for each combination
of mold temperature and thickness. In the Figure 6.20 the fiber ori-
entation distribution has been represented with a contour plot. The
images show that for higher mold temperature, the fiber orientation
is globally decreased through the specimen section.
It is interesting to note that for high mold temperature the fiber
distribution shows an asymmetric behavior. This is probably due to
the different mold temperature between the moving half mold and
the fixed one. Indeed, the porous inserts are placed only in one half
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Figure 6.18: Specimen central section subdivision for those ones with a thick-
ness of 4 mm
Figure 6.19: Specimen central section subdivision for those ones with a thick-
ness of 1 mm
(a) (b)
Figure 6.20: FOD distribution plot for the specimens with a thickness of 4
mm, an injection speed of 10mm/s and injection molded respec-
tively at low mold temperature (a) and high mold temperature
(b)



















Mold Thickness 4 mm
Mold Thickness 1 mm
Figure 6.21: Influence of mold temperature and cavity thickness on fiber ori-
entation
mold therefore, the unavoidable cavity thermal variation through the
thickness has induced this flow unbalancing. A further consideration
was carried out to summarize the effects of mold temperature and
mold thickness on fibers orientation. Considering that mechanical
properties are affected by the fibers orientation through all the spec-
imens section, the global average of the orientation tensor through
the specimen area has been calculated. Moreover, this average value
has been considered to compare the fiber orientation percentage for
the specimens obtained with different mold temperature and cavity
thickness. Figure 6.21 shows that mold temperature affects negatively
the fiber orientation as well as the lower the mold cavity thickness the
higher the influence of mold temperature on fiber orientation.
6.8 tensile strength results
In Figure 6.22, it is shown the trend of the main effects, all the pa-
rameters were significant. Decreasing injection speed the mechanical
resistance is enhanced. Conversely, the tensile strength is increased
by an high mold cavity thickness. Concerning the mold tempera-
ture, form Figure 6.22 seems that the higher the mold temperature
the lower the UTS.
In order to better understand the mold temperature influence on
tensile strength it is useful to have a look of the interaction between
factors. In particular the interaction between mold temperature and
cavity thickness. Considering Figure 6.23 the result is interesting in
fact, the mold temperature effect on tensile strength is the opposite
varying the mold cavity thickness from a specimen of 1 mm to 4 mm.
In particular the RHCM technology influences positively the ultimate

























































Mold Thickness 4 mm
Mold Thickness 1 mm
Figure 6.23: Influence of injection molding parameters on tensile strength:
interaction plot between mold temperature and specimen thick-
ness
tensile strength for a small specimen thickness while it affects nega-
tively the specimen with a thickness of 4 mm.
6.9 discussions
The residual fiber length analysis has shown that the injection speed,
the cavity thickness and the mold temperature, affects the fibers break-
age phenomenon. The mold temperature influences positively the
residual fiber length while it affects negatively the fibers orientation.
Therefore, considering that the tensile strength of composite materials
is increased by longer and more oriented fibers, it is understandable
that there is not a linear behavior between mold temperature and ten-
sile strength. In Figure 6.24 it is plotted at the same time the residual
fiber length, the fiber orientation and the tensile strength analysis. It
is visible that fiber orientation and residual fiber length have an op-
posite trend by varying the mold temperature. Moreover, the effect
of part thickness on mold temperature is similar for both the inves-
tigated parameters. Therefore, it would be predictable that the UTS
behavior were not affected by the mold temperature due to the balanc-
ing of the two effects plotted in Figure 6.24. Even so, the interaction
plot between mold temperature and cavity thickness was significant
concerning the UTS analysis. Moreover, it is also pointed out that, in
terms of specimens tensile strength, it is worth using high mold tem-
perature as long as the specimens thickness is small. This behavior
can be explained by considering that the effect of the residual fiber
length is dominant for small part thicknesses while fiber orientation
becomes dominant increasing the part thickness. Understanding the
reason of this phenomenon is complicated because the specimen mor-



















































Mold Thickness 4 mm
Mold Thickness 1 mm
(c)
Figure 6.24: (a) Fibers orientation, (b) Mold temperature, (c) Tensile strength
phology is directly connected with the melt flow through the speci-
men. However, a possible reason could be the fact that, for the speci-
men with a thickness of 4 mm, even though the mold temperature is
decreased causing an increasing of the skin layer and the shear stress,
the flow section is still big enough to ensure the melt flow without
causing the increasing of fiber breakage. For the specimens with a
thickness of 1 mm the decreasing of mold temperature would result
in a substantial decreasing of the melt flow section causing a relevant
fibers breakage. Therefore, in this case, the effect of higher fiber ori-
entation, caused by the low mold temperature, is impaired by the too
small residual fiber length.
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R A P I D H E AT C Y C L E M O L D I N G T E C H N O L O G Y
I N F L U E N C E O N FAT I G U E R E S I S TA N C E O F F I B E R
R E I N F O R C E D P O LY M E R M AT E R I A L S
Glass fiber reinforced composite materials, as an alternative to tradi-
tional materials like metals, now have been widely used for aerospace
components, sporting goods, structural applications in automobiles,
ships, aircraft, etc., in view of their beneficial characteristics, such as
stability, high specific strength, stiffness and good chemical resistance.
In fact, structural components are usually subjected to complex fa-
tigue loadings, which is one of the main forms of failure in mechanic
and structural catastrophe. Thus, it is important to investigate and de-
termine the fatigue characteristics of long glass fiber reinforced com-
posites for application as the primary structural member in various
fields. The aim of this work is to investigate the mold temperature
influence on fatigue life of fiber reinforced polymers as well as study
the damage mechanisms which occur during the cyclic tests. The cor-
relation between static and dynamic failure of the specimens will be
investigated in order to evaluate how the sample morphology affects
fatigue life.
7.1 experimental plan
In order to analyze the process conditions influence on fatigue life of
fiber reinforced injection molded parts with a RHCM technology, a
further experimental test was carried out. A1 dog bone specimens
were injection molded by varying the mold temperature in the range
of 60 ◦C and 140 ◦C. The injection molding equipment employed
was the same of the previous experimental campaign concerning the
tensile strength analysis. The experiments were made following the
next steps:
• Tensile tests were conducted for subsequently correlate tensile
strength and fatigue resistance. The tests were carried out at
a deformation rate of 5 mm/s according to ISO R527 standard.
For each combination of process parameters considered, five
tests were made;
• Fatigue tests were conducted to investigate the influence of mold
temperature on the fatigue behavior of fiber-reinforced material.
• A fatigue fractional test was carried out in order to evaluate the
influence of specimens porosity on fatigue behavior.
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Tensile test machine EA010
Maximum force [KN] 85
Stroke [mm] 300
Position resolution [µm] 1.75
Positioning repeatability [µm] +−8
Table 7.1: Design of experiments
The decision of using for this analysis the specimens with a thick-
ness of 4 mm was taken considering the low data dispersion shown
during the tensile test previously carried out in the fatigue test. Fa-
tigue tests were conducted with the tensile test machine EA010, hav-
ing the characteristics reported in the Table 7.1.
The cycle ratio R = σmin/σmax was set to 0.1 in order to avoid com-
pression loads and the risk of structure buckling. The frequency was
set to 5 Hz, the maximum allowed by the machine, however it was
a suitable value in order to carry out the tests in a reasonable time
but still avoiding the risk of thermal failure. Indeed, the specimen
heating by hysteresis is a significant problem during the fatigue tests
because of the visco-elastic behavior of the polymers materials. The
temperature was monitored at regular intervals with the thermome-
ter HASCO Z251/2 in order to exclude the temperature influence
on the tests results. The porosity influence on fatigue behavior of
molded specimens was also investigated by conducting a fatigue test
interrupted at several percentages of the life. After each interruption,
the specimen was analyzed by micro-tomography in order to evalu-
ate the damage evolution during the fatigue test. The idea of doing
a such investigation stems from the porosity results pointed out in
the tomographic analysis in the chapter 6 where a lower porosity was
detected injection molding at higher mold temperature. With this
fractional test we would be able to understand on one hand if the
tomographic analysis is able to appreciate the damages mechanisms
caused by cyclic tests and on the other hand if the material porosity
affects the fatigue resistance, varying its magnitude during the test.
Indeed, from technical literature it is pointed out that the mechanism
of fatigue failure starts from the micro-voids located to the fibers apex
leading to the interfacial debonding that progressively cause the part
failure.
7.2 results and discussions
7.2.1 Fatigue resistance analysis
The Wohler curve is visible in Figure 7.1:
The equation used to describe the relationship between the fatigue
stress and the failure number of cycles is visible in the Equation 7.1.
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Figure 7.1: S-N curve
Mold Temperature σr b
Low mold temperature 90.947 -0.063
High mold temperature 71.782 -0.049
Table 7.2: Fatigue curves fitting parameters
σmax = σf Nb (7.1)
The values of σf and b are shown in Table 7.2 for the curves ob-
tained with the specimens injection molding at low and high mold
temperature.
From the above data it is possible to see that the curves are nearly
parallel and slightly shifted. To confirm this behavior the tensile
strength resistance is taken into account. In Figure 7.2 it is reported
the static specimens resistance behavior varying the mold tempera-
ture between 60 ◦C and 140 ◦C.
It seems that the mold temperature influence on fatigue resistance
and static tensile strength follows the same behavior. By normalizing
the fatigue stress with the UTS, of the specimens injection molded
with the same processing conditions, it is possible to plot a series of
normalized fatigue curves which fall on the same Mastercurve as sug-
gested by Bernasconi et al. [88]. The results are shown in Figure 7.3.
7.2.2 Fractional fatigue test
The fractional fatigue test was carried out on the specimen with a
thickness of 4 mm and injection molded at low mold temperature
due to its lower data variability. The adopted procedure was the
following:












Mold Thickness 4 mm
Figure 7.2: Variation of the UTS with the mold temperature
Figure 7.3: Mastercurve enclosing all fatigue data normalized by the UTS
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Figure 7.4: Specimen plastic elongation evolution during the fatigue life
• Understanding of the predicted fatigue life of the investigated
specimen by using the S-N curve drawn above;
• Performing of an initial ct scan of the undamaged specimen;
• Studying of the plastic specimen elongation evolution (creep)
during the test an considering this parameter as an indicator
for understanding the number of cycles at which interrupt the
fatigue test for the tomographic analysis;
• Fatigue test performing interrupting the test for the tomographic
analysis.
Analyzing the S-N curve, the 45% of the ultimate tensile stress was
considered for carrying out the fractional fatigue test, due to its low
data dispersion. As advanced before, the dynamic modulus was con-
sidered in order to evaluate the appropriate number of cycle in which
interrupting the fatigue tests. The results obtained are shown in the
following figures.
In literature (chapter 2), the variation of the dynamic modulus is
chosen as an indicator of the material damage during the fatigue
life. However, no variations of the dynamic modulus were detected
during the fatigue life of the investigated specimens. Thus, it was
decided to consider the plastic specimen elongation variation as the
parameter which summarize the damage mechanisms evolution. This
assumption is reasonable considering that during the test, the sample
is subjected to a progressive plastic elongation and the elongation rate
is function of the damage mechanisms evolution. From the upper
figure it is seen that the plastic elongation increases rapidly until the
20% of the fatigue life, whereupon its variation is almost linear up to
almost the 50% of the fatigue life as visible in Figure 7.4. Therefore
the fatigue test interruption was done at the 20% of the predicted
specimen life, at 50% and at the specimen breakage. In Figure 7.5 it is
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compared the porosity evolution between the undamaged specimen
and the broken one. As visible from the images, there is no difference
in the voids position or size.
The porosity analysis carried out in the undamaged specimen and
in the broken one shows that the porosity percentage increased from
1.71% to 1.92% which is a difference close to the same order of mea-
sure uncertainty. Therefore, it seems that the porosity due to the
injection molding process, do not influence the fatigue behavior of
the material. Thus, the mechanism of material damage involves a
smaller scale compared with the tomographic resolution.
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(a) (b)
(c)
Figure 7.5: Micr-voids variation during the fatigue test. (a) Scheme of the
cutting plane; (b) Voids evolution along the plane 1; (c) Voids
evolution along the plane 2

Part IV
S T U D Y I N G O F T H E R A P I D H E AT C Y C L E
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I N J E C T I O N M O L D I N G O F P E T B O T T L E P R E F O R M S
W I T H A R H C M T E C H N O L O G Y
Nowadays the industry of packaging promotes more and more a re-
duction in the parts thickness. This is also done in the production of
bottles by encouraging the use of preforms with a thickness becom-
ing thinner with the origin of several problems related to the process.
The thickness reduction in fact involves a substantial increasing in
the maximum injection pressure: for a preform of 2.3 mm thickness
for example, the frozen layer is about 0.25 mm, which means that the
channel in which flow the material will be reduced to 2.05 mm. Fur-
thermore, if the cooling rate is too high, the material solidifies before
that it filled the entire cavity leading to a problem of incomplete fill-
ing. Other problems may be encountered when the flow reaches the
neck of the future bottle: because of the decreasing in the flow sec-
tion, the melt speed increases causing a more than linear increasing
of injection pressure leading to an overload and thus to a material
degradation. Finally, a further problem, relating to the molding of
thin preforms, regards the injection speed in fact, for preforms with
high length-to-thickness ratio it is necessary to increase the injection
velocity to decrease the cooling flow front causing the increasing of
the cavity pressure, and the degradation of the material. A solution
for these problems can be the usage of high mold temperatures since
such a process condition allows to obtain greater flow lengths with
the same injection pressure. In this work, a Rapid Heat Cycle Mold-
ing technology has been involved with the aim of decreasing the in-
jection molding pressure of thin-wall preforms. An high mold tem-
perature allows to diminish both the skin effect and the cooling of
the melt flow front. The purpose of the present work is therefore to
investigate the possibility of applying the technology RHCM, taking
advantage of the high mold temperature, without increase the final
part crystallinity. Therefore, it will be taken to account the problem
of crystallization which may results from a too slow preform cooling
rate. Initially a rheological and thermal material characterization will
be carried out. Subsequently the injection molding simulation was
calibrated by optimizing the coefficient of heat exchange and the glass
transition temperature. This calibration was performed by minimiz-
ing the errors resulting from the comparison between the simulated
injection pressure peak and real pressure peak at the same bound-
ary conditions. In particular, the injection pressure was acquired by
placing a piezoelectric pressure sensor directly inside of the mold cav-
ity. Once that the simulation was calibrated, several simulations were
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Figure 8.1: Mold Equipment
performed in order to numerically investigate the effects of using a
RHCM technology on injection pressure and crystallinity degree of
bottle preforms. It will be demonstrated that the RHCM technology
reduces the injection, maintaining a reasonable cycle times and an
adeguate level of crystallization(less than 10% of the total volume).
8.1 materials and methods
8.1.1 Mold equipment
The injection molding machine employed for this experimental cam-
paign was a Battenfeld HM 110. The mold was composed by:
• The fixed half mold in which there was placed the piezo-electric
sensor for the injection pressure acquisition;
• The movable half mold in which an A1 dog bone specimen (ISO
527-2) cavity was manufactured, and a thermocouple for the
temperature acquisition was positioned.
The pressure acquisition system was composed by a piezoelectric
sensor Kistler with a diameter of 2.5 mm and a pressure range of 0-
2000 bar, the sensitivity was 9.4 pC/bar. It was placed in the fixed
half mold where a pressure reset switch was also inserted.
The sensor is connected to the computer where the LabVIEW sys-
tem was involved to acquire the injection molding pressure with an
high frequency.
8.1.2 Material characterization
The rheological characterization of PET (Eastapak 9663) was carried
out with the capillary and the rotational rheometers. A Cross-WLF
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Figure 8.2: Pressure acquisition system
model was involved for the rheological material modellation. The







where η(γ˙) is the melt viscosity varying γ˙ and η0. τ∗ and n are the
coefficient shown in Figure 8.3.
The obtained coefficients which allow the best fitting of the exper-
imental data where n= 0.4 and τ∗=3857.18. The viscosity η0 was ob-
tained by the William Landel Ferry model described in the following
equation:
η0 = D1exp
[ −A1(T − T∗)
A2 + (T − T∗)
]
(8.2)
T∗ = D2 + D3 p A2 = A˜2 + D3 p
where T∗ is the material transition temperature and D1 D2 D3 A1
and A˜2 are coefficients which allow the best experimental data fitting.
The obtained parameters were: T∗ = 80◦C D1 = 4.2 ∗ 1012 A1 =
37.8517 A2 = 94.429 D3 = 0
The experimental data fitting with the Cross-WLF model is visible
in Figure 8.4.
In order to carry out the thermal characterization of PET, a DSC test
was performed heating a small sample of material with an heating
rate of 5◦C from 30◦C to 300◦C. A transition temperature of 80◦C and
a melting temperature of 250◦C were detected from the test.
8.1.3 software calibration
The calibration can be defined as the set of activities to make the FEM
model as close as possible to reality. There are several items that can
be subjected to a calibration activity:
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Figure 8.3: Cross model parameters
Figure 8.4: Material modellation with a Cross-WLF model
8.1 materials and methods 149
Figure 8.5: Thermal characterization of PET
Mold temperature 30 ◦C 50 ◦C
Specimen thickness 1mm 2.5mm
Injection speed 50mm/s 70mm/s
Table 8.1: Design of experiments
• The geometry of the system components;
• The material model;
• The boundary conditions: the coefficient of thermal exchange
between the polymer melt and the mold wall and the glass tran-
sition temperature;
• The mesh and the solver parameters.
To perform the numerical model calibration, it was chosen a method
based on the comparison between the cavity pressure profile acquired
in the piezo-electric position and the pressure profile obtained with
the numerical simulation in the same point. The process parame-
ters were defined equally in the injection molding machine and in
the simulation model. In order to perform a model calibration for a
wide range of injection molding conditions, it was made by varying
three processing parameters within two levels each one. A full fac-
torial design was considered for the experimental campaign and the
parameters are listed in Table 8.1.
For each of the eight conditions, the pressure curve was acquired
with the pressure sensor and the acquisition system Labview. An
example of the obtained pressure curve is visible in Figure 8.6.
The simulation model was calibrated by optimizing the parameters
of HTC (Heat transmission coefficient) and the transition temperature
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Figure 8.6: An example of an acquired injection pressure profile with a mold
temperature of 30 ◦C, an injection speed of 70 mm/s and the
specimen thickness of 1mm
Tg. The analysis involved the variation of HTC within a range be-
tween 1000W/m2K and 5000W/m2K and the transition temperature
between 40◦C and 110◦C. Every injection molding produced a short
shot specimen as visible in Figure 8.7. The peak of pressure acquired
during the melt polymer injection was set as input in the correspon-
dent injection molding simulation. Subsequently the difference be-
tween the simulated and the real short shot length was considered as
the error variable which has been minimized by varying HTC and Tg.
For each combination of HTC and Tg investigated it was calculated
the error between the virtual and the real short shot length. Consid-
ering a combination of HTC and Tg, a global error was calculated
by summing the single errors obtained by varying the processing pa-
rameters following the Table 8.1. For each combination of HTC and
Tg investigated a global error was calculated. Therefore, the simula-
tion model was optimized for that combination of HTC and Tg which
minimized the global error.
8.1.4 Numerical simulation of PET preforms with a RHCM technology
With the calibrated model, a series of numerical simulations were car-
ried out with the aim of comparing the conventional injection mold-
ing of bottles preforms with a RHCM technology. For the RHCM
application it was set a flow rate of 20 liter/min, a hot water inlet
temperature of 180◦C and a cold water temperature of 20◦C. A a spi-
ral channel design was created from the outside of the bottle preform
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Figure 8.7: Physical and virtual measurement of the short shot length
(a) (b)
Figure 8.8: Channels simulation model (a) and the simulated heating phase
(b)
while a bubble was design inside of the preform. The geometrical
model and an example of the heating phase is shown in Figure 8.8.
The injection molding parameters are the following listed in Ta-
ble 8.2.
8.2 results and discussions
For each combination of HTC and Tg the global error was calculated
and the results are summarized with the response surface visible in
Figure 8.9.
The absolute error was minimized by using an HTC of 4000W/m2K
whereas the transition temperature had a negligible effect on model
calibration. With the optimized values of HTC and Tg a series of
numerical simulation were carried out to evaluate the influence of a
RHCM technology on the injection pressure, crystallization degree
and cycle time. The chart in Figure 8.10 summarizes the simulation
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Mold temperature 285◦C
Packing time 2 s
Packing pressure 80% of inj. pressure
Injection time 2 s
HTC 4000 W/m2K
Tg 80 ◦C
Table 8.2: Injection molding parameters
Figure 8.9: Model calibration response surface
results concerning the usage of a CIM or RHCM processes. Analyz-
ing the results it is possible to see that a RHCM technology allow the
reduction of the injection pressure of almost 37% with only a slightly
increasing of the cycle time. Finally, concerning the crystallization
degree, it increases almost linearly with the mold temperature, even
though its value do not exceeds the critical degree within the inves-
tigated mold temperature range. It is interesting to note that the
injection pressure reduction takes place varying the mold tempera-
ture between 23◦C and 100◦C, whereupon it do not further decrease.
Therefore, a slightly increasing of mold temperature compared with
the CIM process could lead to a benefit in terms of preform filling
without compromise the cycle time and the preforms crystallization
degree.
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Figure 8.10: Model calibration response surface
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E X P E R I M E N TA L I N V E S T I G AT I O N O F T H E R H C M
I N F L U E N C E O N P L A C RY S TA L L I N I T Y A N D
M E C H A N I C A L P R O P E RT I E S
Polylactic acid or polylactide (PLA, Poly) is a biodegradable thermo-
plastic aliphatic polyester derived from renewable resources. PLA
has a glass transition temperature 60–65 ◦C, a melting temperature
173–178 ◦C and a tensile modulus 2.7–16 GPa. PLA can be processed
by extrusion, injection molding, film and sheet casting, 3d printing,
and spinning, providing access to a wide range of materials. Being
able to degrade into innocuous lactic acid, PLA is used as medical
implants in the form of anchors, screws, plates, pins, rods, and as
a mesh. Depending on the exact type used, it breaks down inside
the body within 6 months to 2 years. This gradual degradation is
desirable for a support structure, because it gradually transfers the
load to the body (e.g. the bone) as that area heals. The polymer’s
crystallinity plays a significant role in the material performance. For
example, an increase in overall crystallinity leads to improvements
in stiffness, strength, heat deflection temperature, and chemical resis-
tance. However, as advanced in the chapter 3, the PLA crystallization
hardly takes place for the conventional conditions of injection mold-
ing. In this study, the degree of crystallinity in injection molded PLA
specimens under different mold temperature and annealing time was
investigated. In this case a RHCM technology was involved in order
to heat the mold after the injection phase in order to promote the
material crystallization inside of the mold. The annealing time was
also varied to allow the specimen heating an consequently the mate-
rial crystallization. The crystallization degree was investigated with
a polarized optical microscope and the DSC. The mechanical perfor-
mances were studied by measuring the specimens surface Shore hard-
ness. This project has been carried out at the University of Leoben
within a collaborative research activity program.
9.1 experiments
9.1.1 sample preparation
The injection molded part in this work is an A1 dog bone ISO 527-
2 specimen of PLA. The material investigated was a Natural Works
"Ingeo Biopolymer 3251D" The injection molding parameters were
the following listed in Table 9.1.
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Melt temperature 200◦C
Mold temperature 25◦C
Back pressure 50 bar
Injection speed 50 mm/s
Packing pressure 80% of the inj. pressure
Table 9.1: Injection molding parameters
Figure 9.1: Thermal cycle for the PLA specimens injection molding
Conversely, from a typical rapid heat cycle molding, the mold heat-
ing do not occurs after the part ejection whereas just after the injec-
tion phase in order to induce the material crystallization. The thermal
cycle is shown in Figure 9.1.
The investigated mold temperature were 100◦C 120◦C and 140◦C
while the annealing time tested were: 10s, 30s, 60s, 120s, 240s and
480s. The injection molding machine used was a Battenfeld HM 110
while the mold is visible in Figure 9.2. The mold heating was per-
formed, in the moving half mold, with a ceramic heater placed be-
hind the mold cavity with a dimension of 30x30 mm. The ceramic
heaters were positioned in correspondence of the middle of the speci-
men cavity therefore, the mold was heated only in correspondence of
the specimen center for a width of 30 mm only from one side. Indeed,
the fixed mold half was kept at 25◦C.
9.1.2 Differential scanning calorimetry
The PLA crystallinity degree was studied with the differential scan-
ning calorimeter TA Q2000. In this procedure, a small sample of the
9.1 experiments 157
Figure 9.2: The mold for injection molding of PLA
Tip stroke: 0-2.5 mm
Test range 0-100 HD
Available test range 20-90 HD
Tip dimension SR 0.1 mm
Dimension: 115x60x25 mm
Net weight: 0.5 Kg
Table 9.2: Shore hardness instrument specifications
investigated specimen was cut from the crystallized side. The sam-
ple was heated from 25◦C to 200◦C with an heating rate of 10 K/min.
The melting temperature (Tm), apparent melting enthalpy (4H f ), and
enthalphy of cold crystallization (4Hcc) were determined from DSC
thermograms. The absolute degree of crystallinity (χc) of the molded




where the cold crystallization enthalpy4Hcc(PLA) was subtracted
from the total enthalpy4H f (PLA). The term4H◦(PLA) is the ideal
melting enthalpy per gram of 100% crystallinity (93 J/g).
9.1.3 Shore hardness test
Shore D is an instrument for testing vulcanized rubber and plastic
products, it carries out the international standard ISO 7619. The in-
strument specifications were:
The test was carried out at room temperature in the range of 10◦C
30◦C, the relatively umidity was less than 85% and the testing sur-
face was sooth and without defects. The hardness test was made to
the specimens from the crystallized side in order to quantitatively
compare the relation between crystallization degree and mechanical
properties.
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9.2 analysis of results
9.2.1 DSC Data
The DSC scans of the sample cut in the middle of the injection-molded
PLA specimens with a mold temperature of 100◦C, 120◦C and 140◦C
are presented in Figure 9.3
The curves are described by four thermal characteristics: a glass
transition temperature near 60◦C(Tg), the cold crystallization peak
near 100◦C, the recrystallization peak around 155◦C-160◦C and the
melt temperature near 170◦C. In each image the curves are plot from
the top to the bottom by increasing the annealing time. Due to the
high cooling rate which affects the material during the injection mold-
ing process the material hardly crystallize without a subsequent an-
nealing phase. This behavior is confirmed by the presence of the cold
crystallization peaks which are visible in all the DSC curves except
for the sample obtained from the specimens which were subjected to
the annealing for 480 seconds with a local mold temperature of 120◦C
or 140◦C. It is interesting to note that the enthalpy of the cold crys-
tallization peaks decreased with increasing the annealing time. This
confirms that the high mold temperature induced a material crystal-
lization directly inside the mold and this behavior is promoted by
the annealing time. Concerning the thermal characteristics, it seems
that they occur almost at the same temperature therefore, they are
not affected by the variation of annealing time or mold temperature.
The recrystallization peak could be the result of the reconstruction of
already existed crystals. In Figure 9.4 it is plotted the crystallization
degree calculated with the Equation 9.1, varying the mold tempera-
ture and the annealing time. The results show that the higher the
annealing time and the mold temperature the higher the crystallinity
degree. In correspondence of a crystallization degree of 0, 45%, the
trend seems to reach a stabilization which is achieved for lower an-
nealing time increasing the mold temperature.
9.2.2 Hardness test
The results of the hardness tests, made on the central position of the
specimens injection molded and annealed directly in the mold, are
shown in Figure 9.5.
The specimens surface hardness follow almost the same trend of
the crystallinty degree in fact, the higher the mold temperature and
the annealing time the higher the surface hardness. It is interesting
to note that similarly with the crystallization degree trend, even the
hardness behavior shows a stabilization which occurs for lower val-
ues of annealing time, compared with the cristallinity degree trend.




Figure 9.3: DSC scans of the sample cut in the middle of the specimens
annealed with a mold temperature of 100◦C(a), 120◦C (b) and
140◦C (c)
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Figure 9.4: The crystallization degree trend varying the mold temperature
and the annealing time




The idea of using a RHCM technology in order to anneal the PLA
material directly inside of the mold has been proved as a valid al-
ternative for increasing crystallinity. In general the PLA components
were first of all made by injection molding, whereupon they were
annealed in a specific oven at a certain temperature. However, the
contact between the injection molded part and the mold cavity wall
seems to allow a faster heating of the specimens and consequently an
increasing of the crystallization rate. Indeed, the global coefficient of
thermal conduction between the specimen and the mold wall is sub-
stantially higher than that one between specimen and air in the oven.
In particular, comparing the results obtained in literature [133], a sim-
ilar crystallization degree obtained annealing a PLA specimen in a
high temperature oven for a few hours, can be achieved already af-
ter few minutes by annealing the specimens directly inside the mold.
Moreover, because of the cavity shape and the mold thermal distribu-
tion, the injection molding of a good quality specimen was possible
only by filling the mold at low mold temperature and starting the an-
nealing phase just after the injection phase. Therefore it is predictable
that the crystallization rate could be further enhanced by design a
suitable mold capable of molding a good quality specimen even start-
ing the heating of the mold before the injection phase. It is worth
noting that the surface hardness follows almost the same trend of the
crystallinity degree confirming the link between these properties. The
images acquired with the polarized optical microscope confirmed the
results obtained with DSC. In Figure 9.6 on the right side of each
image there is the sample edge. Therefore, the conductive thermal
heating gradient goes from the right to the left of the same images.
It is visible that the annealing time and mold temperature affects
the nucleation density and the crystals grow rate. It is interesting
to note, in particular in the image representing the sample annealed
for 60 seconds with a mold temperature of 140◦C, that the crystals
nucleation does not start exactly from the edge where the sample
temperature is the maximum. Conversely, the first nucleation takes
place almost 0.25 mm from the sample edge. Considering the typical
layer distribution of injection molded parts, this zone could corre-
spond to the finishing of the skin layer and the starting of the shell
layer. Considering that the shell layer is characterized by a strong
macro-molecular orientation which facilitates the crystal nucleation,
it could be possible that the combination of temperature profile and
the sample layering causes the first nucleation in the position where
the temperature is not the maximum.
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Figure 9.6: The crystals analysis with the polarized optical microscope
Part V
C O N C L U S I O N S

10
C O N C L U S I O N S
In this work, a new solution to rapidly control the mold tempera-
ture was developed. This technology has been employed for injection
molding fiber reinforced materials, taking advantage of the longer
achievable flow length and the better surface quality, in order to
increase the residual fiber length and consequently the mechanical
properties of the molded composites. A final task regarded the usage
of a RHCM technology for improving the filling behavior as well as
the mechanical properties of injection molded crystalline materials.
The main results of this work are the following:
• An innovative RHCM system has been developed replacing the
traditional cooling channels with numerically optimized porous
inserts placed behind the mold cavity surface. The maximum
heating rate was 7◦C/s, but further improvements are needed
to overcome this value, particularly concerning the materials
selection and the mold insulating properties. An higher perfor-
mance would be reached insulating the porous inserts from the
whole mold excepting for the cavity surface.
• An experimental analysis was carried out in order to investigate
the effects of injection molding parameters on appearance and
mechanical properties of fiber reinforced materials. The sur-
face roughness analysis confirmed the hypothesis concerning
the benefits in using high mold temperature in order to increase
the molded parts surface appearance. However, the main inter-
esting result regards the interaction between mold temperature
and injection rate. The latter becomes negligible increasing the
mold temperature. This consideration means that at high mold
temperature it is possible to reach a good quality surface even
with low injection velocity meaning lower fiber deterioration
and fibers orientation anisotropy reduction.
• The latter becomes negligible increasing the mold temperature.
This consideration means that at high mold temperature it is
possible to reach a good quality surface even with low injec-
tion velocity meaning lower fiber deterioration and fibers ori-
entation anisotropy reduction. Tensile strength tests were per-
formed to study the effect of injection molding process param-
eters on the samples mechanical resistance. The experimental
approach involved a fiber length analysis and an X-ray com-
puted tomography (CT) measuring technique which allowed
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the direct observation of fibers orientation in the molded com-
ponents and the specimens morphology. Dog bone shaped spec-
imens were molded at different molding conditions. In partic-
ular, the effects of mold temperature, injection speed and part
thickness were investigated. The results showed that specimens
morphology is affected by processing parameters. In particular
the higher the mold temperature the longer the residual fibers
and the higher the fiber orientation. Combining the results of
fiber orientation and fiber length it is possible to explain the
analysis of mechanical properties which are maximized by high
part thickness, low mold temperature and injection velocity. In
particular, as far as mold temperature is concerned, the inter-
action plot between mold temperature and part thickness has
shown that the mold temperature influences positively the ten-
sile strength for a small cavity thickness. Conversely, an higher
mold temperature have a negative effect on tensile strength for
thick specimens. Therefore, it is worth using a RHCM tech-
nology as long as the specimen thickness is small. This is a
further improvement concerning the injection molding of fiber
reinforced thin wall components where, besides the good ap-
pearance, the decreasing of the melt cooling during the injection
phase and the injection pressure reducing, the tensile strength
is also enhanced by using a RHCM technology.
• Fatigue tests were also carried out for the specimens of 4 mm
in order to evaluate the mold temperature influence on tensile
cyclic loads. The analysis of results highlighted that for the
same testing conditions, the specimens injection molded at high
mold temperature have shown a shorter cycle time compared
with those ones molded at low temperature. In the Wohler fa-
tigue plot, the curve related to the specimens molded at high
mold temperature is parallel but shifted beneath the other curve.
This trend is due to the lower fiber orientation detected for the
specimens injection molded with a RHCM technology. An in-
teresting result regards the drawing of a master-curve where, in
the Wohler graph, in place of the fatigue stress, it was plotted
the ratio between the fatigue stress and the correspondent value
of UTS. Doing so, the curves related to the specimens injection
molded at different mold temperature were almost overlapped
meaning that the causes of breakage for the tensile strength are
the same for the fatigue resistance. Therefore, it is possible to
assume that, at least for the specimens of 4 mm, the tensile
strength tests can predict the behavior of the fatigue resistance
for fiber reinforced molded specimens.
• A fatigue fractioned test was done by carrying out a single fa-
tigue test, stopping the execution for a few percentages of its
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life and performing a tomographic scan each time. The pur-
pose of this work was the studying of the damage evolution
during the application of a cyclic tensile load. In particular, the
evolution of the micro-voids caused by the material shrinkage
during the cooling phase in injection molding was the main
investigated effect. The results showed that the specimen poros-
ity did not changed during the fatigue test therefore it seems
that the micro-voids do not influence the fatigue behavior of
the material. Thus, the mechanism of material damage involves
a smaller scale compared with the tomographic resolution.
• As far as the crystalline materials are concerned, a numerical
approach was involved in order to investigate the influence of
RHCM technology on injection pressure, cycle time and crystal-
lization degree in injection molding of PET thin wall bottle pre-
forms. For this purpose an experimental campaign was also car-
ried out for the numerical model calibration in order to perform
the simulations with an high accuracy. The calibration was per-
formed by minimizing the errors resulting from the comparison
between the peak pressure resulted form the injection molding
simulated and the real pressure peak obtained with a pressure
transducer. The heat transfer coefficient (HTC) and the material
transition temperature were the optimized numerical parame-
ters. The results shown that the error between real pressure
peak and the simulated one was minimized by using an HTC
equal to 4000W/m2K, while the glass transition temperature
had no influence on pressure peak. A series of injection mold-
ing simulations were performed for comparing the CIM with a
RHCM technology by varying the mold temperature. Ranging
from a mold temperature of 23◦C/s to 150◦C/s the maximum
injection pressure decreases of 37.5% without involving a sub-
stantial increasing of the cycle time. Furthermore, in spite of
the higher mold cooling rate, crystallization degree did not in-
creased over the value allowed for the subsequent blow molding
phase.
• A rapid heat cycle molding technology was employed in order
to control the mold temperature during the injection molding
of PLA, promoting the crystals nucleation and consequently
the mechanical properties of the molded parts. The analysis
pointed out that conducing the annealing phase directly in the
mold can substantially reduce the whole manufacturing time.
The crystallization analysis made with DSC and the hardness
tests, made on the injection molded-annealed parts, shown that
the higher the annealing time and the mold temperature the
higher the crystallization degree and the specimen hardness.
Plotting the crystallization degree and the surface hardness as
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function of mold temperature and annealing time, it is interest-
ing to note that both the investigated properties show a trend
stabilization in correspondence of 45% for the crystallization
degree and 83.5 HD for the hardness test. Furthermore, the
surface hardness follows almost the same trend of the crystal-
lization degree confirming the link between these properties.
The analysis of results have also highlighted the dependence
of material crystallization on the amount of strain experienced
during flow. Indeed, the first nucleation took place almost 0.25
mm from the sample edge, where the temperature was the max-
imum. This means that the crystallization is not only promoted
by the temperature but also increasing the macro-molecular ori-
entation.
To conclude, the achievements obtained by controlling the mold
temperature are many, since it affects directly the morphology of the
injection molded part. It has been shown that a RHCM technology
is an interesting solution for the injection molding of thin wall com-
ponents. In particular, besides the advantages of the lower injection
pressure and the high quality appearance, the use of high mold tem-
perature can further improve the mechanical properties of fiber re-
inforced parts. The reduction of the injection pressure in injection
molding of thin wall bottle preforms is an interesting result. The
possibility of molding preforms with an high length/thickness ratio
allows an uniform stretching of the preforms during the blow mold-
ing process, decreasing the material costs and enhancing the bottles
quality. It has been seen that a precise control of the mold tempera-
ture can affect the injection molded part morphology. Therefore, it is
clear that the possibility of controlling the mold temperature during
the injection molding process is critical for varying the molded part
morphology. The presented solution, for rapidly heat and cool the
molds, has shown interesting results as well as it has pointed out a
new approach for designing thermally optimized molds. To this ex-
tent, this work provides a contribution to overcome one of the main
challenges, concerning the employment of a RHCM process in a wide
industrial scale. In details, it concurs to the development of a techno-
logical solution which could be at the same time able to rapidly heat
and cool the cavity mold surface, environmental friendly, completely
safety for the operators and economically convenient.
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